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THE RECIPROCAL EFFECTS OF NITROGEN, PHOSPHORUS, AND 

POTASSIUM AS RELATED TO THE ABSORPTION OF THESE 
ELEMENTS BY PLANTS^ 

WALTER THOMAS 
The Pennsylvania State College 
Received for publication July 29, 1931 
INTRODUCTION 

Importance of understanding energy relations between soil and plant 

Coincident with the rapid advances in physical chemistry, concepts with 
respect to soil fertility problems are undergoing profound changes. This is 
manifested by the results of recent investigations (1, 5, 8, 9, 25, 28, 83, 95) 
in which the principles of plant production are shown to be dependent not only 
upon a knowledge of the exchanges of energy in the soil, but also upon the 
energy relations of chemical reactions between the soil and the plant, including 
necessarily the transformations of energy taking place within the living cells. 
This paper will treat of the factors affecting the equilibria of nitrogen, phos¬ 
phorus, and potassium in the soil in relation to the absorption of these elements 
by the plant. 

A mathematical expression for eoalualing the factors of fertility 

It will simplify our presentation of the subject of the so-called “selective” 
absorption of nutrient elements from the soil if we can find an expression that 
will enable us to visualize the dominant soil factors affecting the nutrition of 
plants (35). 

Influence of water. —^Water is without question the greatest limiting factor in 
plant development. It is known from numerous experiments, especially from 
those of Hellriegel (19) and of WoUny (94), that for maximum growth there 
exists for each soil type an cfptimum water content. If Hellriegel's experi¬ 
mental results (19) on the variation of dry matter produced as a function of the 
water content of the soil are plotted, it is found that the points lie approxi¬ 
mately on a parabola. Let A (fig. 1) represent the yield when the water 
content of the soil is optimum and let F represent the actual yield. Since the 
curve obtained is a parabola, 

- 7 . U) 


^ Presented before the soil fertility conference held in commemoration of the 50th Anniver¬ 
sary of the Old Fertility Plots of the Pennsylvania State College. Publication authorized by 
the director of the Pennsylvania Agricultural Experiment Station as technical paper no. 534. 
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i.e., the decrease in yield from the maximum is proportional to the deviation 
in the water content of the soil from the optimum, or 

7 . 

where Jfe is a constant expressing the sensitiveness of the plant to changes in 
the water content of the soil. 

Wat&r content of the soil in relation to the maximum efficiency of mineral nu¬ 
trients .—But WoUny’s experiments (93) show that the optimum water content 
of the soil corresponds also to the maximum efficiency of the mineral nu¬ 
trients, i.e., to their maximum absorption. Since growth from balanced nu¬ 
trient solutions is a function of the amount of the nutrient element absorbed, 
therefore, the absorption of a nutrient element is also proportional to 

... 


DRY 

MATTER 



Fig. 1. Relation of Ymu> to Water Content or Soil 


Let St represent the quantity of soil explored by the roots within a period of 
time L Also let j represent that fraction of the soil mass considered (Si) 
entering into solution per unit of time in the form of a specific nutrient element 
(nitrogen, phosphorus, or potassium); and let - be the fraction absorbed per 

f 

unit of time by the plant. Then in a unit of time the fraction of the soil mass 

absorbed by the plant mil be —, where s measures the resistance to solution and 

sr 

r measures the physiological resistance of the roots to the absorption of the 
chssolved element (osmosis). The former can vary from + » to 1. It is 
always great and depends on the nature of the soil. The latter can vary from 
+ «> to 1 and dqwnds on the feeding power of the plant (84,89,90,91). 
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From (C) the absorption per unit of time is proportional to 

A — — .O*. (D) 

Let us put 

- » JlIa - Hxi - a;o)® >• ~. (E) 

^ I j 

The expression on the right represents then the fraction of the soil that passes 
from the solid condition to the plant in a unit of time. 

Then, as we increase the time from t to t + dt, the amount absorbed {dy) 
will be 


dy » - 

where X is a constant representing the capacity of the plant. Or for the rate 
of absorption 

^ = k{a - i(.t. - av)4-‘. 

dt J Sin 

In experimental work, of course, (di) is relatively large; but it is remarkable 
that the average rate of absorption remains relatively constant for long periods 
of time (IS days, for example). 

The equation shows that a soil can be deficient with respect to a given nu¬ 
trient element for two reasons: (a) Inability, during periods of very active 
absorption, to maintain the supply above critical concentrations of the de¬ 
ment. The function of fertilizers is to create a potential supply to provide for 
these emergencies, (b) Inability to provide at any time the supply of an 
essential element above critical concentrations. In this category are worn out 
or run down soils. 

The equation modified hy the addition of fertilizers,--- Similarly for the rate of 
absorption of an element introduced in a soluble form such as a fertilizer which 


modifies a mass (say 5') of the soil, it may be shown that the rate of absorp¬ 
tion of the element introduced is expressed by the equation 

^ - k ’{ a ’ - A'foo - 4^.W 

The coD3plete equation expressing the influence of the soil and of the added 
fertilizer is, therrfore, 

kixo - - *'(*• - W 

* ( j tifi \ ) t/n 

(fertility factor) (fertilization factor) 


*(■*1 


-»o)»|' 


Sif, 


•dt 


.(F) 









4 


WAXTER THOMAS 


Tte formula clearly indicates the dominent r61e exercised by a soluble ferti¬ 
liser in plant nutrition. As we shall see later the reciprocal influence of one 
element (ion) on another will involve the terms s and r of this equation. 

The earliest experim&i^s on the reciprocal effect of elements on absorption by plants 

The reciprocal or mutual effect of one element upon another was first ob¬ 
served about the middle of the last century by Wolff (92). In his extensive 
nutrient solution culture investigations on the growth of barley, Wolff ob¬ 
served that the yield of plants grown in his ^^complete” nutrient solution was 
greater than that from cultures in which sodium was omitted. But Wolff's 
nutrient solutions were too high in potassium to be well balanced with respect 
to the concentration of this element. Analyses of the plants showed that the 
introduction of the sodium ion—from sodium chloride—decreased the ab¬ 
sorption of potassium and so prevented its luxury consumption (“luxuskon- 
sumption"), an expression which we have heard much about recently. Thus 
was it learned that absorption of an element in excess of that utilized might 
reduce yields and that this absorption in excess of the amount of the element 
t^uired for the production of a normal plant could be controlled by the addi¬ 
tion of another element—in Wolff's experiments, sodium. These experiments 
of Wolff's with sodium and potassium were confirmed by a number of investiga¬ 
tors and definitely established the reciprocal action of at least two elements. 

The concept of physiological balance 

The existence of antagonism between other elements, —^This reciprocal action of 
one element resulting in suppressing the absorption of another was later foun<l 
to occur between other elements (ions) in the case of absorption by both plant 
and animal cells. A reciprocal relationship was found to exist between Ca * ‘ 
and K+ (10,22, 27,56), between NH 4 + and K+ (48,49, SO), between Sr++ and 
K+ (55), between Ca++ and Mg++ (51), between Na+ and NH 4 + (65, 66 , 67), 

between SiOr" and PO 4 -(5,16,18,43,44), between and Sr^ ( 55 ), 

between Mg++ and Ba++ (55), between Na+ and Ca++ between Na^ and 
Mg++ (22, 27) and between K+ and Fe-H-i- (is, 29). 

Dvmin/ution of antagonistic action with Loeb ( 49 ) gave the term 

‘‘antagonism” to this phenomenon. But Osterhout ( 68 ) showed later that 
the antagonistic action increased with the mcrease in the concentration of the 
solution. In very dilute solutions, such as that of the order of magnitude ob¬ 
tained from soils by the various displacement methods, no antagonistic effect 
was observed. It follows that if the same mechanism is operative in soils as 
in nutrient culture solutions, it must be postulated that plant roots obtain 
their nutrients from a much more concentrated solution than that obtained 
thus far by artificial means. 

Optimum ratios,—These investigations by Loeb and Osterhout led to the 
development of the concept of ph3^ologically balanced solutions, from which 
followed the long search by means of nutrient culture solutions to discover the 
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best (optimum) ratios between the various nutritive elements (7, 20, 32, 47, 
52, S3,54,73,74,76, 77, 78,79,88). 

Nutrient culture versus field experiments 

Absorption from soil and ntUrient solutions compared ,—^The prindples ac¬ 
quired by means of these laboratory studies cannot be overestimated with 
respect to the service rendered in providing a system of physiological knowledge 
for application to field studies. The environmental conditions, however, 
affecting the absorption of elements from the soil are different from those under 
which nutrient culture experiments are conducted because: (a) The rate of 
diffusion of ions toward the root zones is more rapid in nutrient culture solu¬ 
tions than in the soil (21); (b) the extent of the root system and, therefore, 
the absorbing surface is greater under field conditions than in nutrient culture 

solutions. The factor — of equation (/) thus becomes unity in solution but 

not in soil cultures. 

Soil versus plant analysis ,—Because the concentration of the soil solution 
with respect to any of the principal elements is subject to wide fluctuations 
even in the uncropped condition (2, 3, 80), it is difficult to draw conclusions 
relative to absorption of ions from soil solution studies alone. It is possible, 
however, as we shall see by comparing the amounts of nutrients absorbed—at 
the different vegetative periods—by plants growing under uniform soU and 
meteorological conditions, to extend very considerably our knowledge of the 
factors influencing the absorption of the principal (dominant) elements (ions) 
from soils. 


THE LAW OE THE MINIMUM AND ITS IMPLICATION 

Many “laws’* have been advanced purposing to define the relationship be¬ 
tween the amount of nutrients absorbed by the plant and the dry matter 
produced (45, 46, 60). The first was by Liebig (45), who announced as a 
corollary to what afterwards became known as the “law of the minimum” 
that nutrient elements must be absorbed in certain definite proportions and 
\ in such a manner that when the rate of supply of one of the principal nutrient 
\ elements is reduced below the critical concentration fQ:;.^,hat element the rate 
\ oi absorption of the other principal nutrient elements it /etaxded or depressed, 
\ because an inadequate supply will render the other^ elements unavailable, 
, since the plant will be unable to grow to any extent. Consequently, assuming 
all the other growth factors constant, it follows from Liebig’s basic hypothesis 
that if, with time as the abscissa and the quantity of nutrient element absorbed 
during the growth of a plant as ordinate, graphs are plotted indicating the 
course 6f absorption of nitrogen, phosphorus, and potassium from a soil to 
which a “complete”.fertilizer has been added—with all other growth factors 
constant—the graph showing the course of absorption of any one of these 
elements from a fertilizer containing only two of them would be displaced 
from its former position and would now fall belc 
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The results of field experiments 

The American fidd experiments. —^The results which we have obtained in our 
experiments on the absorption of these elements by apple trees grown in the 
field under controlled conditions (86) are shown graphically in figure 2. The 
data are expressed in percentage of the element absorbed by the last season's 
branch growth on a moisture-free basis. These results are in accordance with 
Liebig's basic hypothesis. Thus, it will be observed that the omission of any 
one of the elements—nitrogen, phosphorus, or potassium—from the fertilizer 
has resulted in a decreased absorption of the remaining elements and is ac¬ 
companied by decreased growth and reproduction. Analytical data recently 



Fig. 2. The Couhse or the Absorption op Nitrogen, Phosphorus, and Potassium by 
Pyrns mollis L. as Determined by the Periodic Analysis op the 
Current and Season's Branch Growth 
R esults are expressed in percentages of dry weight of material 

obtained with respect to the total amount of each element taken up by an 
entire tree show the same relationships. 

The French field experimerUs. —But the results of very carefully conducted 
long time experiments by Lagatu and Maume (34,36,37,38,40) in Montpelier 
on the course of absorption of nitrogen, phosphorus, and potassium by the vine 
{Viiis vinifera) show Aat in wet as well as dry years the omission of one of the 
three elements—nitrogen, phosphorus, potassium—from the fertilizer resulted 
not in a decreased absorption of the remaining elements relative to that from 
the complete fertilizer, as would be expected from Liebig's law, but on the 
contrary in decreased yields produced by a nutritional lack of balance caused 
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by an increase in the absorption of the remaining elements of the fertilizer. 
The results shown in figure 3 are given in percentages of the dry weights of 
leaves. 

These results are of paramount importance in the science of plant and animal 
rmtrition and in their application to the problem of the fertilizer requirements of 
soils. They show the impossibility of making a comparison between the compost- 
tion of plants of the same species unless the data are referred to the same standard 
controly i.e.y to the composition of the plant of the same species grown under such 



CHECK N4P+K N+P N+K P + K 

Fro, 3. Tiik Cocrsk of tjik Absorption op Nitrogen, Phosphorus, anb Potassiow by 
Vinis vitifera as Determcnio by the Periodic Analysis op the Leaves 
Results arc expressed in percentages of dry weight of material 

conditions of physiological balance as to produce sufficient growth to ensure repro¬ 
duction of the highest order. 

It is important to ascertain the causes of these apparently anomalous re¬ 
sults. But before attempting an explanation the results of some experiments 
in Austria on barley (75) bearing on this same problem will be given. 

The Austrian field experiments.—"Botii nitrogen and phosphorus in the soil 
of this experiment are very low but the potassium content is hi^. The results, 
which are given in absolute amounts of the element absorbed (fig. 4), show 
that relative to the absorption of elements from the (N + P + K) plot the 
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omission of potassium resulted in an increased absorption of phosphorus and 
nitrogen and that relative to the (2N + P + K) plot the reduction in nitrogen 
(N + P + K) resulted in a decreased absorption of potassium and phosphorus. 

In the unfertilized plot potassium, as would be expected from Liebig’s law, 
is absorbed in relatively greater amounts than nitrogen or phosphorus up to 
the time of blossoming. The analyses of his plants, however, showed that after 
this period potassium migrated again to the soil. Sekera maintains that this 
mi gr ation is a physiological necessity and represents the plant’s attempt to rid 
itself of an element absorbed in excess of that utilized. 

It will be observed that when nitrogen and phosphorus are added (N + P) 
the absorption of the elements is increased and potassium does not migrate 
back to the soil, for the excess of potassium is now balanced by the increased 
absorption of nitrogen and phosphorus. The addition of potassium to this 
soil already abundant in this element, as will be seen from the (N + P + K) 



Fig. 4. The Course of the Absorption of Nitrogen, Phosphorus, and Potassium by 
Eordeum sativum AS Determined by the Periodic Analysis of Whole Plants 
Results are expressed in percentages of dry weight of material 


plot, causes a migration of potassium to the soil and a decrease in the amount 
of nitrogen and phosphorus absorbed. On the further addition of nitrogen, 
the absorption (2N + P + K plot) again becomes balanced and results in a 
maximum yield. Further additions of nitrogen result in an excess absorption 
of this element with migration to the soil and a decreased absorption of potas¬ 
sium and no influence on the absorption of phosphorus. 

An analysis and synthesis of the results 

Lagatu and Maume (35, 39, 40, 41, 42) have announced that their results 
clearly show that the corollary from Liebig’s “law of the minimum” is not 
capable of generalization. The present writer will show, however, that the 
contradiction is an apparent and not a real one. 

It may be seen from equation (I) that the effects of the addition of nitrogen. 
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phosphorus, or potassium to a soil, added singly or in one or more combina¬ 
tions, will—all other factors remaining constant—depend upon the factor 

supplying power of the soil to maintain concentra- 

tions of an element above the critical concentration, and (b) to the concentra¬ 
tion with respect to that element produced by the added fertilizer. A knowl¬ 
edge of this suppl 3 dng power with respect to a given nutrient element would, 
therefore, appear to be essential in order to determine the ratio between the 
constituents of a fertilizer necessary to provide a balanced soil solution. TJn- 
fortimately, the process of obtaining a true measure of the supplying power 
with respect to a given nutrient ion is laborious, involving long and expensive 
experiments (80). 

For the purpose of the present anal)^es, however, sujQQLcient information may 
be obtained from laboratory methods similar to those of Konig (33), and of 


TABLE 1 

Amounts of total solutes and of ‘*availahl^* nitrogen^ phosphoric acid, and potash in the soils from 
the three experiments considered 


LOCATION 0? BXTBSncXNT 

DKY son. 

Total solutes 

Soluble in 

1cent 

Soluble in 1 per cent 

1 citric add 

N 


XaO 

State College, Penna, U. S. A. 

Montpellier, France. 

Vienna, Austria. 

p.p.m. 

310^90 

2,000-2700 

p.p.m. 

82 

260 

(low) 

P.P.M, 

65 

1,300 

47 

p.p,m, 

130 

210 

280 




Ncubauer (61,62,63,64,87) and to the displacement (31,69,72) or extraction 
methods (2, 3)* Information of this type is available (39, 40, 41, 42, 75, 85) 
for the check plots of the three experiments discussed. This information is 
assembled in table 1. 

It will be observed that when the soil is deficient in an element, i.e., when 

of equation (1) is high ^or when ~ is small^, the concentration being below the 

critical level for that element (e.g,, nitrogen and phosphorus in the Pennsylva¬ 
nia and Austrian experiments), the omission of the deficient element from the 
fertilizer has resulted in a decreased absorption by the plant of the remaining 
elements contained in the fertilizer added. Under these conditions the omis¬ 
sion of the element from the fertilizer must result in a greater relative defi¬ 
ciency of this element compared with the other two elements and, accordingly, 
limits (decreases) their absorption as predicated by Liebig’s “law.” 

But when an element is relatively abundant, i.e., when of equation (J) 

is small, or when - is large [e.g., nitrogen and phosphorus in the French experi- 









10 


WALTER THOMAS 


ments (34,36,37,38,39,40,41,42) and potassium in the Austrian experiments 

(75)], the omission of that element from the fertilizer would not reduce *"• 

of equation (7) below the critical concentration for that element. Conse¬ 
quently, the omission of an element already abundant in the soil from a 
fertilizer results in an increased absorption by the plant of the remaining ele¬ 
ments added in the fertilizer relative to the absorption of these elements from 
the complete fertilizer plot until the element omitted from the fertilizer be¬ 
comes a limiting factor, i,e., until its concentration is reduced below the limiting 
concentration. The whole problem^ therefore, is one of relativity. In no case is 
Liebig’s law violated. 

It should now be apparent that all statements in the literature bearing on 
the seemingly contradictory results of one worker with those of another on 
the problem of the mutual action of one element on the solubility of another 
and of its absorption by plants can be satisfactorily explained in the light of 
the foregoing interpretation. 


The so-called ^^Vuxury^' consumption of elements 


All the experimental evidence (75) appears to indicate that the plant, espe¬ 
cially in the early stages of growth up to blossoming, absorbs the nutrient 
ions in approximately the same proportion that these ions are present in the 


nutrient medium. 


Accordingly, if - or 



of equation (7) is so great as 


to be out of physiological balance for any element, a “luxuskonsumption” 
(93) will occur. And, as we have seen, such “luxury consumption” may result 


in a disturbance to normal metabolism sufl&cient to affect growth and repro¬ 
duction (34,36,37,38,39,40,41). 


Sekera’s experiments (4, 75) which give clear evidence that the excess of an 
element above that which the plant utilizes in metabolism may be returned to 
the soil shortly after blossoming occurs have already been discussed. Ions, 
therefore, may be expelled from the plant in the process of adjustment to more 
favorable equilibrium conditions. Hoagland’s experiments (22, 27) would 
lead to the view that the mechanism of this expulsion may be one of exchange of 
anions or of cations. 


Sekera’s experiments (75), moreover, show that within the limits set by the 
amount of water and solar energy available the return of an element absorbed 
in excess of that required may be prevented by balancing it through the addi¬ 
tion of the other two principal (dominant) nutrient elements (ions), thus 
enabling the plant to utilize this excess (fig. 4). These experiments, moreover, 
are of additional interest in indicating a method by means of which the required 
physiological balance between nitrogen, phosphorus, and potassium may be 
obtained. 


No '^Imury*^ consumption indicated in the old fertility plots of the Pennsylvania 
State College. —^It is of interest to note that results obtained on the absorption 
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of nitrogen, phosphorus, and potassium by wheat in the old fertility plots 
having the highest yields of the Pennsylvania State College (56) do not indi¬ 
cate any absorption of an element in excess of that utilized. A comparison 
of the amounts of these elements absorbed by wheat on plots 17,19, and 21, 
receiving increasing amoxmts of nitrogen as dried blood, shows that the hipest 
application of nitrogen (72 pounds) has not resulted in a lack of balance. The 
results are given in table 2. We may deduce from this that yields might be 
further increased by increasing the rate of application of one or more of the 
carriers of the nutritive elements used in these plots. 


TABLE 2 

Amounts in pounds per acre applied and recovered in entire wheat crops, of nitrogen, potash, and 
phosphoric acid on dry basis (after Macintire) 


PLAT 

NtTMBElt 

TREATMENT 

NITROGENT 

POTASH 

PHOSPHORIC ACID 

Applied 
to soil 

Removed 
by plant 

Applied 
to soil 

Rexuoved 
by plant 

Applied 

tosoU 

Removed 
by plant 

16 

6 tons manure 

59 

34 8 

52 

37.6 

' 38 

18 5 

17 

(IN)PK 

24 

29.3 

100 

42.0 

48 

17 6 

18 

8 tons manure 

78 

39.2 

69 

36.S 

51 

19.8 

19 

(2N)PK 

48 

37.7 

100 

44.6 

48 

20.0 

20 

10 tons manure 

98 ! 

44.4 

86 

46.0 

64 

22 2 

21 

(3N)PK 

72 

45.3 

100 

61 7 

48 

24.2 

22 

6 tons manure 4* CaO 


36.4 

• •. 

34.9 

,, 

21.6 

24 

Check 


18.4 

... 

16.1 


9.3 


Definition of an optimum fertilizer ratio 

Physiological balance within the plant once obtained may again be easily 
disturbed by the addition of any one of the principal nutrient elements to the 
soil. The optimum ratio of the constituents of a fertilizer may then be defined as 
that ratio which^ on the addition of any one of its nidrient constituerds — nitrogen^ 
phosphorus^ or potassium—results in no increased utilization by the plant of any 
of the other elements as determined by the time-absorption-graph method. 

The extension of the concept of ionic balance to all elements 

The influence of calcium ions. —For the purpose of simplification, the effect 
of the reciprocal action of elements on absorption has been confined in the 
present discussion to the three principal nutrients—nitrogen, phosphorus, and 
potassium—because under the conditions conomonly encountered these three 
elements are the dominant and, indeed, controlling regulatory factors in plant 
metabolism (71), the functions of which cannot be replaced by any other 
element. Nevertheless, in practice it is necessary to take cognizance of the 
effect of other elements and especially of calcium when applications of lime 
are made regularly. The effect of calcium oxide (or carbonate) on the solubility 
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of soil nitrogen, phosphorus, and potassium will depend upon the physical and 
chemical state i n which they are present. On the old fertility plots of the 
Pennsylvania State College CaO and CaCOs have resulted in depressing the 
solubility of soil potassium (2, 3). Moreover, this depression in sohibilUy is 
associated, as would be anticipated, with a decreased absorption of potassium 
by the plant (56). 

THE MECHANISM OR THE RECIPROCAL ACTION OF IONS IN THEIR RELATION TO 

ABSORPTION 

The nature of the functioning mechanism has not as yet been elucidated- 
The amount of an ion absorbed in unit time is expressed by the fraction 

sr 

of equation (£), i.e., by the product of the solubility and osmotic value of the 
respective ions. It is dependent, therefore, upon the structure, chemical 
composition, and pore space of the root-absorbmg surfaces on the one hand, 
and upon the degree of hydration, atomic volume, and the magnitude of the 
dissociation constant of the ions, on the other (17, 24, 57, 58, 59, 81, 82), 

The relation of dissociation constants to antagonism 

The significance of this latter influence is indicated by the experiments of 
Maume (57, 58, 59) on ion antagonism. In the case of binary electrolytes 
antagonism is related to the conductivity of the salts after mixture. The 
antagonistic effect is greatest at that particular concentration of ions repre¬ 
sented by the intersection of the dissociation curves of each salt separately 
determined at dilutions corresponding to the proportions at which each salt is 
present in the mixture and which is indicated on the abscissa 5S' (fig. 5). 
Thus, in the case of NaCl and CaCh, of all possible proportions of 0.12 Mol, 
NaCl (soln, 5) and 0.164 Mol. CaCl 2 (soln. 5i) the least toxic mixture is at the 
point A of intersection of the dissociation curves represented by a mixture of 
5 cc. CaCla + 95 cc. NaCl. 

Antagonism is positive. —In the case of binary mixtures of alkali and alka¬ 
line earth salts having a common anion the maximum antagonism occurs when 
the quantity of each salt is such that if separately dissolved in the same volume 
of water as that of the mixture this would give the same coefficient of ionization. 
This is mdicated by the point represented by the intersection of the curves in 
figure 5. In this case the common anions will be at different concentrations. 
For example the molar concentration for NaCl, CaCh, Ca(N 08 ) 2 , and NaNOa 
having the same conductivity are 0.12,0.22,0.086, and 0.029, respectively. 

Antagonism is nil —^The antagonism is nil when, as in the case of the chlo¬ 
rides of the monovalent ions Na^^, and NH 4 "^, for example, the dissociation 
constant of the mixture is approximately unaltered. This holds when salts 
having a common ion have, at equal molar concentrations, the same value for 
the dissociation constant. 
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Antagonism is negative, —^The antagonism is negative when, as the result of 
double decomposition, the degree of dissociation is increased by the formation 
of different kinds of molecules and ions. Thus: 

AB + CD =» AB + CD + AD-f CD + A+ + B++C^ + D+. .(/) 

Causal factors as yet undetermined 

These experiments of Maume are of interest in pointing the way to an ex¬ 
planation of the mechanism of antagonism between ions of the same electro¬ 
static charge. Nevertheless, because of the present transition stage of our 



Fig. S, Rixation or tuts Lengtu or tue Roots or Wheat Seedungs Growing in Solu¬ 
tions or 0.12 Mol, NaCl (Solution S) and op 0.164 Mol. CaCls (Solution Si) m the 
Proportions Indicated to titb Dissoctation Curves op the Separate Salts Deter¬ 
mined AT Dilutions Corresponding to the Proportions at Which Each Salt is 
Present in the Mixture 

knowledge concerning the dissociation of strong electrolytes, it would appear 
that the dissociation constant is only a measure of a causal factor that is as yet 
obscure. The influence of the motility of ions in relation to dissociation must 
be considered in determining the actual causal factors operative. 

TBE INPLUBNCB OP OTHER FACTORS IN PRODUCING SELECTIVE ABSORPTION 

BY PLANTS 

The absorption of the so-called physiologically add and alkali salts 

The relation of hydrogen-ion concentration to the absorption of the principal 
nutrient elements is gradually being elucidated by the application of the rapidly 
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accumiilating facts of physical chemistry. By such means it is possible not 
only to expl^ but also to predict the physiological effects of applications of 
salts such as sodium nitrate and ammonium sulfate. 

The rate of absorption of ions under the conditions of hydrogen-ion concen¬ 
tration existent in normal soils (pH 5.5 — 7.0) follows the lyotropic scries of 
Hofmeister (30), viz,, for cations the series, in descending order of mobilit 3 j, 

is H > K > Na > Li > Mg > Ba > Sr > Ca and for anions OH > ~ 

> NOa > Cl > HPO 4 > SO4 (17). But at hydrogen-ion concentrations 
outside the aforementioned range the series is irregular and non-predict- 
able (17). 

The effect of the hydrogenrion concmtration of the substrate, —A reciprocal 
action resulting in “selective’^ absorption may take place between a cation and 
an anion not only in the presence of a non-diffusible ion (11, 12, 33, 14) but 
also when no non-diffusible ions are present. If the substrate is slightly acid, 
neutral, or alkaline, the membrane (roots) will, as a result of the absorption 
of OH” ions, become negatively charged. The electrostatic attraction re¬ 
sulting from this potential difference will result in a more rapid absorption 
(osmosis) of cations than of anions (28), Under these conditions the cation 
is dominant. But, on the other hand, in an acid medium (especially pro¬ 
nounced below certain critical values (Area pH 5.5), the membrane (roots), 
as a result of greater absorption of H+ ions, becomes positively charged and the 
electrostatic attraction resulting from this potential difference causes anions 
to be absorbed faster than cations (28). Under these conditions the anion is 
dominant. The results of the investigations of Hoagland (23, 26), of Butke- 
witsch (5, 6 ) and of Hager and Stollenwerk (17) on the absorption of ions from 
solutions of NaNOa, Ca(N 08 ) 2 , NH 4 OH, (NH 4 ) 2 SOi, and NHiNOs may be 
interpreted in this manner. The relative effects^ therefore, of these salts may be 
altered at mil by changing the concentration of the hydrogen-ion. The process 
may be visualized as follows: 

DBGBEE 01 AODITV 

Slightly acid, neutral or alkaline. 


Distinctly acid, pH 5.5 and below, 

where underlining indicates the ion preferentially absorbed, and > indicates 
the rate of absorption is greater than. 

The fact that in alkaline, neutral, or slightly acid media cations exert the 
dominant influence in absorption, and conversely that in acid media the an¬ 
ions are the dominant factor explains the superiority of ammonium sulfate 


CBAXGB OK 
BOOTS 


SALTATPUSD 


NH4-*- >SOr“ 
-Na+ >N08- 


+ 

+ 


-so43>nh4+ 
-NOs- >Na+ 
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over sodium nitrate under the former conditions and of sodium nitrate over 
ammonium sulfate under the latter. The physiological effect of ammonium 
salts will accordingly become relatively weaker as the H“‘“-ion concentration 
increases, whereas the physiological effect of sodium nitrate, on the other hand, 
will be weaker as the H+-ion concentration of the soil decreases. 

The influence of membrane hydrolysis on the ^^selectM^ absorption of ions .—^It 
can be shown from thermod5mamic principles that an ion cannot permeate the 
cell membrane without an oppositively charged ion ( 17 ). If a dialyzable 
electrolyte is present on one side of a semi-permeable membrane and on the 
other pure water, a hydrolytic decomposition of the salt occurs. Using Na+ 
as the cation and NOa*" the anion the process may be illustrated thus: 


Na+ 


Na^ 


NOa” 

H+ 


NOa” 

H+ 


oir 


OH- 


The median will, therefore, tend to become alkaline because of the much slower 
rate of penetration of Na+ compared with NOa”. Na+ is much more strongly 
hydrated than NOr. On the other hand, if (NH4)2S04 is used the medium 
will tend to become acid because of the much greater rate of penetration of 
compared with S04**. S04‘* is more strongly hydrated than NEU"^. 

Thus; 


NH4+ 


NH4+ 


sor 


sor 


H+ 


H+ 


OH- 


OH- 


This hydrolytic action due to the presence of the membrane is promoted in 
accordance with the Gibbs-Donnan law by the difi&cultly permeable Na+ ions 
in the one case and the 804"“ ions in the other. 

These interpretations are supported by the results of numerous experiments. 
For example, Prianishnikov ( 70 ) found that sugar beet and maize grown in 
sand cultures, with frequent renewal of the culture solutions so as to maintain 
practically constant reactions, gave much better results with ammonium salts 
than with nitrate salts at pH 7.0 but much poorer results with ammonium 
salts than with nitrate salts at pH S.S. And Hager and Stollenwerk ( 17 ) found 
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that the ratio of nitrogea to suKate 



absorbed from ammonium sulfate 


by rye, oats, wheat, and barley ranged from 3.06:1 for rye to 5.4:1 for oats. 

On tib.e old fertility plots of the Pennsylvania State College the response from 
ammonium sulfate was better than from sodium nitrate during the first decade 
but afterwards, as the hydrogen-ion concentration of the soil of the ammo¬ 
nium sulfate plots increased, the response from sodium nitrate was much better 
than from ammonium sulfate. The pH range of the ammonium sulfate plots 
is at present (tier I) 4.18-4.50 and of the sodium nitrate plots S.Sl-5.71. 
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STUDIES ON THE DISPERSION PROCEDURE USED IN THE 
HYDROMETER METHOD FOR MAKING MECHANICAL 
ANALYSIS OF SOILS^ 

GEORGE JOHN BOTJYOX7COS 
Michigan Agricultural Experiment Station 
Recd'vcd {or pubUcation July 31, 1931 

In previous conunvmications the hydrometer method has been offered as 
very rapid, simple, and reasonably accurate for maldng mechanical anal 3 rsis 
of soils. It has been shown (1, 2) that by this method the “total colloid” of 
soils can be determined in 15 minutes, the conventional clay (0.005-0.000 mm.) 
in 1 hour, and the fine clay (0.002-0.000 mm.) in 2 hours. In seeking an eiqjla- 
nation for this extreme rapidity, which is contrary to Stokes’ law, the question 
has arisen whether it may not be due to an incomplete dispersion of the soils, 
especially in view of the fact that the soils are dispersed for only about 10 
minutes by the mechanical stirrer. 

To answer this question certain special tests have been made; they are re¬ 
ported here. 

DISPERSING SOILS WITH MECHANICAL SUSSEK AND SHAEEK 

With the exception of the sands and the soils not easily dispersed, the hydrom¬ 
eter method calls for stirring the soils for about 10 minutes. The U. S. 
Bureau of Soils allows (3) the soils to be ^aken for 16 hours for the purpose of 
medianical analjrsis. Comparisons between mechanical analyses of soils 
which had been stirred 10 minutes with the mechanical stirrer and those of the 
same soils after 16 hoiurs’ shaking with the standard horizontal shaker are 
reported in table 1. 

Table 1 shows clearly that stirring the soils 10 minutes with the mechanical 
stirrer produces about the same degree of dispersion as shaking them 16 hours 
with the shaker. With the exception of Fargo clay surface soil and some of 
the sandy soils, the differences are small and mainly within the limits of experi¬ 
mental error. The larger variation in the Fargo day surface soil is probably 
due to the undecomposed organic mattei; whidi on standing a longer time in 
water undergoes more dispersion in the ^aker. The variations in the sands 
are due to the tendency of the mechanical stirrer to break down the sand 
partides on long stirring. 

> Journal Article No.73 (n.s.) from the Michigan Agricultural Experiment Station. 
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TREATMENT WITH HYDROGEN PEROXIDE 

The international pipette (3) method for making mechanical analyses of 
soils calls for treating them with hydrogen peroxide, whereas the hydrometer 
method has not called for such a treatment. 


TABLE 1 

Comparison of mechanical analyses of soils which were stirred 10 mimties with dispersing 
machine and time shaken 16 hours with shaker 



STISSED 10 ICXHUTSS 

SHAKEN 16 HOUKS 


Colloid 



Colloid 

Clay, 

O.OOS- 

0.000 

mm. 



percent 

percent 

percent 

Percent 

percent 

percent 

Plainfield sand 0-6 inches. 

10.7 

8.8 

6.9 

9.5 

7.1 

6.0 

Plainfield sand 6-18 inches. 

9.6 

7.0 

5.5 

8.4 

6.0 

4.6 

Miles fine sandy loam. 

10.7 

8.8 

8.2 


7.2 

7.4 

Kirven sandy loam. 

15.7 


9.9 


9.3 

8.3 

Beardon fine sandy loam, surface. 

19.6 

16.8 

13.7 

21.6 

19.7 

17.6 

Amarillo fine sandy loam. 

24.0 

19.0 

17.0 

22.8 

18.2 

16.0 

Loess soil 0-10 inches. 

25.6 

14.5 

12.9 

26.4 

13.8 

12.5 

Colby silt loam, surface. 

35.5 

22.1 

19.1 

36.3 

23.2 

20.8 

Colby silt loam, subsoil. 

35.0 

25.5 

19.0 

36.2 

26.0 

22.1 

Barnes loam. 

41.1 

32.2 

29.2 

41.8 

33.6 

30.4 

Cecil day loam, subsoil, unlimed. 

42.2 

37.7 

36.5 

41.8 

38.1 

35.3 

Cecil clay loam, subsoil, limed. 

44.3 

40.2 

38.7 

43.3 

38.7 

36.7 

Ava silt loam. 

42.0 

33.6 


42.1 

32.9 

30.2 

Grundy silt loam, subsoil. 


36.4 

34.0 

48.6 

35.7 

33.6 

Lake Charles clay, surface. 

50.2 

42.4 

38.9 


42.7 

39.8 

Lake Charles clay, subsoil. 

56.2 

46.0 

42.2 

57.6 

47.8 

43.6 

Aberdeen day 4-10 inches. 

52.3 

45.4 

42.9 

51.7 

44.8 

42.5 

Wdland clay, surface. 

59.8 

49.5 

42.5 

K>Hil 

51.2 

43.1 

Welland clay, subsoil. 

73.0 

63.7 

56.5 

73.8 

63.5 

57,1 

Fargo clay, surface. 1 

62.0 

45.2 

38.9 

63.7 

53.0 

43.9 

Fargo clay, subsoil. 

73.4 

59.8 

53.6 

75.2 

62.6 

55.1 

Osage clay. 

76.2 

61.5 

56.8 

74.2 


57.3 

Parson silt loam B. 

75.0 

64.3 


74.7 

65.1 

59.2 

Parson silt loam hardpan 24 inches. 

72.2 

67.5 

67.3 

74.1 

67.1 

63.9 

Kinderdey clay 1-3 inches... 

77.6 

75.9 

72.2 

76.9 

74.4 

72.8 

Kindersley day 3-8 inches. 

78.2 


71.7 

79.4 

75.6 

72.5 

Sharkley clay. 

83.6 

74,7 

69.3 

82.0 

73.7 

66.9 

Haldemand day, subsoil. 

88.4 

85.6 

77.4 

87.1 

84.3 

76.5 


To ascertain the extent to which treatment with hydrogen perioxide effects 
the results obtained by the hydrometer method, soil samples were treated first 
with dilute and then with 30 per cent hydrogen peroxide and allowed to stand 
in a temperature of 6S®C. for about 24 hours, with occasional stirring. The 
soils were then poured into the dispersing cup, stirred, and their mechanical 
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anal 3 rses made by the hydrometer method. For comparison, check samples 
of the same soils were similarly analyzed by the hydrometer method, but 
without treatment. The comparative results obtained are shown in table 2. 

The results in table 2 show that out of 28 soils studied, only in 2 did the 
treatment with hydrogen peroxide make a noticeable difference in their me- 


TABLE 2 

Comparison of mechanical analyses of soils that did with those that did not receive peroxide 
treatment; both sets of soils being dispersed 10 minutes with the mechanical stirrer 



NOT TBBATXD 

TSSATED WITH HYDKOGEN 
PSROXIDX 

Colloids 

Clay, 

O.OOS- 

0.000 

mm. 

Fine 

0.000 

nun. 

Colloids 

B 

Fine 

clay, 

0.002- 

0.000 

nun. 


percent 

percent 

percent 

percent 

per cent 

percent 

Plainfield sand 0-6 inches. 

10.7 

8.8 

6.9 

11.2 

8.6 

7.2 

Plainfield sand 6-18 inches. 

9.6 

7.0 

5.5 

9.8 

7.8 

6.3 

Miles fine sandy loam. 

10.7 

8.8 

8.2 

10.3 

8.5 

9.0 

Kirven sandy loam. 

15.7 

10.8 

9.9 

15.3 

11.1 

9.5 

Beardon fine sandy loam, surface. 

19.6 

16.8 

13.7 

21.8 

19.7 

18.6 

Amarillo fine sandy loam. 

24.0 

19.0 

17.0 

26.2 

21.2 

18.9 

Loess soil 0-10 inches. 

25.6 

14.5 

12.9 

27.0 

18.6 

16.0 

Colby silt loam, surface.1 

3S.5 

22.1 

19.1 

35.8 

22.8 

20.3 

Colby silt loam, subsoil. 

35.0 

25.5 

19.0 

36.2 

25.1 

21.1 

Barnes loam. 

41.1 

32.2 

29.2 

43.0 

32.8 

30.5 

Cecil clay loam, subsoil, unlimed. 

42.2 

37.7 

36.5 

43.5 

38.1 

35.7 

Cecil clay loam, subsoil, limed... 

44.3 

40.2 

38.7 

42.8 

38.9 

36.7 

Ava silt loam. 

42.0 

33.6 

30.7 

42.5 

34.6 

31.1 

Grundy silt loam, subsoil. 

49.0 

36.4 

34.0 

49.5 

35.8 

33.8 

Lake Charles clay, surface. 

50.2 

42.4 

38.9 

51.8 

43.5 

40.1 

Lake Charles clay, subsoil. 

56.2 

46.0 

42.2 

59.7 

47.4 

44.5 

Aberdeen clay 4r-10 inches. 

52.3 

45.4 

42.9 

52.8 

44.7 

42.3 

Welland clay, surface.. 

59.8 

49.5 

42.5 

61.2 

52.0 

43.8 

Welland clay, subsoil. 

73.0 

63.7 

56.5 

72.8 

64,1 

57.0 

Fargo clay, surface. 

62.0 

45.2 

38.9 

69.8 

57.9 

51.4 

Fargo clay, subsoil. 

73.4 

59.8 

53.6 

76.6 

66.8 

58.3 

Osage clay. 

76.2 

61.5 

56.8 

74.2 

61.7 

56.7 

Parsons silt loam B... 

75.0 

64.3 

60.1 

75.7 

65.6 

59.8 

Parsons silt loam hardpan 24 inches. 

72.2 

67,5 

67.3 

73.6 

66.3 

63.2 

Kindersley clay 1-3 in^es. 

77.6 

75.9 

72.2 

77.4 

76.3 

71.7 

Kindersley clay 3-8 inches. 

78.2 

75.0 

71.7 

79.4 

75.6 

72.5 

Sharkley clay. 

83.6 

74.7 

69.3 

82.0 

73.7 

68.5 

Haldemand day, subsoil. 

88.4 

85.6 

77.4 

89.1 

82,7 

76.2 


chaoical analyses. In all the other soils the treatment made hardly any 
difierence; the small variations that are observed are mthin the limits of 
experimental error. The two soils in which the hydrogen peroxide affected the 
mechanical anal}rsis are Beardon sandy loam and Fargo day surface, both of 
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which contain a very large amount of organic matter. From the data obtained 
with these two soils it would be logically expected that Lake Charles clay both 
surface and subsoil, Fargo clay subsoil, and Osage clay, all of which contain 
appreciable quantities of organic matter, would give s im i l ar results, but they 
did not. The probable explanation for this dissimilarity is that the former 
soils contain a larger amount of organic matter and in a more undecomposed 
state than the latter soils. 

The indications are, therefore, that hydrogen peroxide treatment makes 
practically no difference in the dispersion of mineral soils conta ining no, or 
small amounts of, well-decomposed organic matter, but it makes considerable 
difference in soils that contain very large amounts of organic matter in an 
incompletely decomposed state. 

STERRTNG SOILS POR DirPERENX PEIUODS WITH MECIIANIC4L STIRRER 

The present procedure of the hydrometer method calls for stirring sands 
and extreme sandy loams for 5 minutes; loams, silt loams, clay loams, and 
cla 3 ^, 10 minutes; and soils containing large amounts of undecomposed organic 
matter or soils that are recognized to be not easily dispersible, such as some 
of the lateritic soils and some claypans, 20 minutes or longer. 

To measure the effect of long periods of stirring on the mechanical analyses of 
soils of various types, numerous samples were stirred for 10-minute and 60- 
minute periods and their mechanical analyses studied by the hydrometer 
method. The data are presented in table 3. 

In general the data in table 3 show that stirring soils 60 minutes tends to 
increase their apparent content of finer material as compared with that at the 
10-minute stirring. The increase, however, is most appreciable in the sands 
and sandy loams, and in some soils containing large amoimt of organic matter. 
In the clay loams and clays the increase is small, and in many cases can well 
be considered as being within the limits of experimental error. 

With few possible exceptions, the increase in the finer material on long 
stirring is due almost entirely to the breaking up of the sand paricles. The 
speed of the stirrer (over 10,000 r,p,m.) together with the presence of wire 
baffles in the cup apparently tends to break up the sand particles. This view 
is supported by the greater relative increase in the fine material in the sandy 
soils, as compared with the clays, and also by the results in table 1, wherein it 
is shown that shaking sands for 16 hours has somewhat less dispersing effect 
on them than stirring them 10 minutes. It is on account of this possibility of 
breaking up the sand particles, that the hydrometer procedure (2) calls for 
stirring sandy soils only about 5 minutes. 

The results in table 3 tend to indicate, therefore, that the period of stirring 
from about 5 to 10 minutes effects almost a complete dispersion of the great 
majority of soils. Undoubtedly there are some types of soils, such as the late- 
rites, some claypans, and those containing large amounts of organic matter, 
especially of the undecomposed type, which require more than 10 minutes for 
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complete dispersion. The studies presented herein, therefore, tend to diow 
that the rapidity with which the hydrometer method measures the mechanical 
analyses of soils is not due to their incomplete dispersion. 

The final procedure of the hydrometer method for deterzniniog total colloids 
in 15 minutes, clay (0.005-0.000 mm.) in 1 hour, and fine clay (0.002-0.000 


TABLE 3 

Comparison of meckankal analysts of soils dispersed by mechanical sUrrerfor 10-mimtie and 

60’-minHte periods 



DISFESSBD FOK 
IOmintttss 

mSPBRSlQDrOS 

dOiofiroTXS 

Colloids 




Clay. 

0.005- 

0.000 

nun. 

B 


percent 

percent 

percent 

percent 

percent 

percent 

Plainfield sand 0-C inches. 

10.7 

8.8 

6.9 

19.0 

13.4 

11.5 

Plainfield sand 6-18 inches. 

9.6 

7.0 

5.5 

14.1 

11.9 

9.8 

Miles fine sandy loam. 

10.7 

8.8 

8.2 

13.7 

11.7 

10.0 

Kirven sandy loam.; 

15.7 

10.8 

9.9 

18.5 

13.7 

12.1 

Beardon fine sandy loam, surface. 

19.6 

16.8 

13.7 

24.4 

21,9 

20.3 

Amarillo fine sandy loam. 

24.0 

19.0 

17.0 

29.5 

26.0 

22.4 

Loess soil 0-10 inches. 

25.6 

14.5 

12.9 

30.1 

19.6 

16.4 

Colby silt loam, surface. 

35.5 

22.1 

1 19.1 

37.8 

26.0 

24.5 

Colby sill loam, subsoil. 

35.0 

25.5 

19.0 

37.5 

28.2 

24.1 

Barnes loam. 

41.1 

32.2 

29.2 

46.1 

36.9 

32.5 

Cecil clay loam, subsoil, unlimed. 

42.2 

37.7 

36.5 

44.8 

39.2 

36.8 

Cecil clay loam, subsoil, limed. 

44.3 

40.2 

38.7 

45.9 

41.0 

39.2 

Ava sill loam. 

42.0 

33.6 

30.7 

44.9 

35.3 

32.6 

Grundy silt loam subsoil. 

49.0 

36.4 

34.0 

51.3 

40.8 

38.0 

Lake Charles clay, surface...... 

50.2 

42,4 

38.9 

51,3 

44.1 

41.6 

Lake Charles clay, subsoil. 

56.2 

46.0 

42.1 

58.6 

47.3 

43.2 

Aberdeen clay 4-10 inches... 

52.3 

45.4 

42.9 

53.7 

48.8 

45.5 

Welland clay, surface. 

59.8 

49.5 

42.5 

64.8 

52.4 

48.3 

WeUand clay, subsoil. 

73.0 

63.7 

56.5 

73.9 

65,8 

59.8 

Fargo clay, surface. 

62.0 

45.2 

38.9 

70.3 

57,4 j 

51.2 

Fargo clay, subsoil. 

73.4 

59.8 

53.6 

77.4 

68.0 

59,9 

Osage clay. 

76.2 

61.5 

56.8 

77.3 

63.5 

57.3 

Parsons silt loam B. 

75.0 

64.3 

60.1 

75.5 

67.5 

62.7 

Parsons silt loam hardpan 24 inches.. 

72.2 

67.5 

67.3 

75.5 

68.7 

66.8 

Kindersley clay 1-3 inches. 

77.6 

75.9 

72.2 

80.3 

76.7 

73.4 

Kindersley clay 3-8 inches. 

78.2 

75.0 

71.7 

81.2 

76.7 

73.2 

Sharkley clay. 

83.6 

74.7 

69.3 

85.5 

77.4 

71.7 

Haldcmand clay, subsoil.. 

88.4 

85.6 

77.4 

91.0 

84.8 

77.1 


mm.) in 2 hours, remains the same as previously pubKshed (2), except that 
soils containing very large amounts of organic matter especially of the unde¬ 
composed type should be treated with hydrogen peroxide. The further 
researches and comparisons of the hydrometer method have not caused any 
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change in the original finding that the method is reasonably accurate and 
reliable for all practical purposes, and for the average person it is probably more 
reliable than any of the present methods. 

SUMMARY 

The hydrometer method of making mechanical analyses of soils was further 
investigated by comparing its mechanical stirrer with the standard shaker for 
dispersing soils. It was found that 10 minutes^ stirring with the mechanical 
stirrer produced about the same degree of dispersion as 16 hours’ shaking with 
the standard diaker. 

Treating soils with hydrogen peroxide did not effect their mechanical analysis 
as measured by the hydrometer method except in soils that contain very large 
amounts of organic matter, especially of the undecomposed type. 

On accoimt of its ej05.ciency, the mechanical stirrer tends to break down the 
sand particles on long stirring; hence it is advisable not to stir the sandy soils 
too long. 

The extreme rapidity with which the hydrometer method is able to measure 
the mechanical analysis of soils is not due, therefore, to their incomplete 
dispersion. 

Further research and comparison tend to support the original findings that, 
for all practical purposes, the hydrometer method is reasonably accurate and 
reliable. 
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In previous communications (S) it was shown that certain soil characteristics, 
such as heat of wetting, moisture equivalent, and unfree water, bear a close 
relationship to that portion of the soil which is determined by the hydrometer 
method (2) at the end of IS minutes’ standing and which has been designated 
as “total soil colloids,” On account of this close relationship it was revealed 
that these soil characteristics could be indirectly determined very quickly and 
simply by means of the hydrometer method. 

In view of this promising study it was decided to investigate other soil 
characteristics and the relationship that they bear to the “total soil coUoids” 
and to the conventional clay. One of the soil characteristics that was selected 
for detailed investigation is the consistency of soils. This characteristic or 
property of soils must be regarded of considerable importance, judging from the 
wide attention that it has received of late. It was thought that if the con¬ 
sistencies of soils bear a close relationship to the “total soil colloids” and to the 
clay as determined by the hydrometer method, then these consistencies could 
be indirectly determined very quickly and simply by the hydrometer method. 
It is apparent that this indirect determination would have decided advantage 
over the direct determination for the following reasons: (a) it is exceedingly 
rapid, (J) it is very simple, (c) it eliminates the personal element, and {£) 
it might be more reliable because the hydrometer method gives rather accurate 
results. 

As is readily realized, any number of consistencies can be obtained in soils, 
especially the clay^, by varying the moisture content. After preliminary ex¬ 
amination and due consideration, three different consistencies were chosen for 
critical investigation; namely, the crumbling point, the flowing point, and the 
upper plastic limit of Atterberg (1). It is the object of this paper, therefore, 
to present the results obtained from the study of these consistencies. They 
will be considered separately. Further studies on moisture equivalent will 
also be incidently presented. 

CRUMBLING POINT 

The crumbling point represents that stage of moisture content at which the 
soil particle or crumbs have practically no cohesiveness—adhesiveness and 
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crumble under slight pressure. This is the state at which soils under field 
conditions would work the easiest—they would plough easUy and break to 
crumbs most readily and not stick to the implements. The moisture content 
at this crumbling point seems to be at or very close to the wilting coefficient 
of soils. 

The procedure of determining this crumbling point of soils consists of plac¬ 
ing about 20 gm. of air-dry soil that has passed through a 2-mm. sieve, into a 
porcelain dish, adding sufficient distilled water to wet it, and then allowing it 
to lose water at room temperature. When the soil loses enough water so that 
it approaches somewhat the crumbling point, it is transferred to a paper on the 
table and rubbed with the palm of the hand in a circulatory motion. If the 
soil is near its crumbling point, it is easily reduced to crumbs or compound 
particles by this rubbing process. Then a small amount of soil is taken and 
rolled between the fingers and then this rolled piece of soil is taken end by end 
and pressed between the fingers. If the soil has reached the proper moisture 
content the rolled piece will readily crumble into crumbs without showing any 
stickiness or cohesiveness. This is the approximately true crumbling point. 
If the soil has not reached the proper moisture content the crumbs wSi tend 
to stick and do not fall apart easily. In this case, the soil is allowed to lose 
more moisture as it is being rubbed and mixed on the paper, and is tested often 
to see if the proper moisture content is reached. 

The procedure is of course emperical and would seem to involve consider¬ 
able personal element, but the transitional point is sufficiently definite to jdeld 
closely reproducible results. With little experience one can get good agree¬ 
ments. Extensive tests showed that for the majority of soils results could be 
reproduced or checked, even at different dates, within 2 per cent. 

In table 1 are reported the crumbling points of a fairly large number of 
representative types of soils coming from many regions.^ In the same table 
are also reported the mechanical analysis of '‘total coUoids,^’ clay, and fine 
clay, as obtained by the hydrometer method (4) and the relationships that 
these soil fractions bear to the crumbling point. 

The last three columns of table 1 readily show that there is a close relation¬ 
ship between the total colloid, clay, fine clay, and the crumbling point. The 
coefficient of correlation is 0.966 zfc 0.013 for the “total colloid,” 0.943 ± 
0.021 for the clay, and 0.922 ± 0.029 for the fine clay. Reducing these coeffi¬ 
cients of correlation to percentages by the process of squaring the R-values 
and then multiplying by 100, shows how much of the variability in crumbling 
pomt is caused by each soil fraction. These calculations show that the varia¬ 
bility in crumbling point is influenced 93.8 per cent by the total colloids, 88.9 

1 The writer is grateful for soil samples received to: C. F. Marbut—-U. S. Bureau of Soils, 
E. A. Norton—University of Ulinois, A. H. Joel—Umversity of Saskatchewan, A. S. Cline- 
North CaxoJina Agricultural CoHege, E, B. Reynolds—Texas Agricultural College, and G. N. 
Ruhnke—Ontario Agricultural College. 
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per cent by the clay, and 85.0 per cent by the fine day. Evidently the crum¬ 
bling point of soils is almost entirely controlled by their fine materiaL The 


TABLE 1 

Rdationship between crumbling point of soils, and their content cf total colloids, day, and fine day 



TOTAL 

COL¬ 

LOIDS 

CLAY, 

o.oos- 

0.000 

nun. 

THTE 

CLAY, 

0.002- 

0.000 

mm. 

CRUICB- 

UNO 

POINT 

SATXO 

CRUMBLING 

POINT 

RATIO 

CRUMBLING 

POINT 

RATIO 

CRUMBLZNO 

POINT 

TOTAL 

COILOIDS 

CLAY 

PINS CLAY 


percent 

percent 

percent 


■umiii 

■■ 


Amarillo fine sandy loam 7- 




imii 


Hi 


18 inches. 

24.0 

19.0 




H3I 

0.3823 

Loess soil 0-10 inches. 

25.6 

14.5 

13.0 




0.5692 

Stewart sandy loam B. 

28.6 

20.5 

14.0 

7.4 


0.3609 

0.5285 

Colby silt loam, surface. 

35.0 

22.1 

19.1 

10.0 


0.4524 

0.5235 

Colby silt loam, subsoil. 

35.0 

25.5 

19.0 

9.2 


0.3608 

0.4842 

Barnes loam 20-40 inches— 

41.1 

32.2 

29.2 

11.5 

0.2798 

0.3571 

0.3938 

Ava silt loam, subsoil. 

42.0 

33.6 

30.7 

10.9 

0.2595 

0.3244 

0.3550 

Cecil clay loam, subsoil, un~ 








limed. 

42.2 

37.7 

36.5 

11.5 

0.2725 

0.3052 

0.3151 

Cecil clay loam, subsoil, limed. 

44.3 

40.2 

38.7 

11.8 

0.2655 

0.2935 

0.3050 

Davison loam 0-9 inches. 

42.4 

35.9 

31.0 

11.4 

0.2688 

0.3175 

0.3677 

Marshall silt loam 4r-18 








inches. 

45.3 

35.6 

31.4 

13.2 

0.2913 

0.3707 

0.4204 

Grundy silt loam, subsoil.... 

49.0 

36.5 

34.0 

14.0 

0.2857 

0.3861 

0.4117 

Lake Charles clay, surface... 

50.2 

42.4 

38.9 

13.4 

0.2669 

0.3160 

0.3444 

Lake Charles clay, subsoil.,.. 

56.2 

46.0 

42.1 

13.1 

0.2331 

0.2847 

0.3111 

Son from Fallon, Nevada.... 

49.9 

40.6 

36.3 

13.9 

0.2785 

0.3424 

0.3824 

Aberdeen clay 4r-10 inches... 

52.3 

45.4 

42.9 

12.2 

0.2332 

0.2687 

0.2843 

Welland clay, surface. 

59.8 

49.5 

42.5 

17.7 

0.2959 

0.3575 

0.4164 

Welland day, subsoil. 

73.0 

63.7 

56.5 

20.8 

0.2849 

0.3265 

0.3681 

Fargo clay, surface. 

69.6 

57.9 

51.4 

21.0 

0.3017 

0.3626 

0.4085 

Fargo clay, subsoil. 

76.6 

66.8 

58.2 

20.6 

0.2689 

0.3084 

0,3539 

Klindcrly day 1-3 inches. 

77.6 

75.9 

72.2 

19.3 

0.2487 

0.2543 

0.2673 

Kinderly day 3-3 inches. 

78,2 

75.0 

71.7 

19.9 

0.2544 

0.2653 

0.2775 

Parsons silt loam B. 

75,0 

64.3 

60.1 

17.9 

0.2386 

0.2783 

0.2978 

Osage clay. 

76.2 

61.5 

56.8 

18.2 

0.2388 

0.2959 

0.3204 

Sharkley clay. 

83.6 

74,7 

69,3 

20.5 

0.2452 

0.2744 

0.2958 

Miami silty clay loam 14r-18 








inches. 

80.0 

68.3 

63.0 

19.0 

0.2437 

0.2855 

0.3095 

Haldemand clay, subsoil. 

88.4 

85.6 

77.4 

20.6 

0.2335 


0.2667 

Average ratio. 





0.2617 

0.3092 

0.3048 

Coelhdent of correlation... 





0.966 

0.943 

0.922 

Coefficient of correlation reduced to percentage basis.... 

93.3 

88.9 

85.0 

Probable error. 





0.013 

0.021 

0.029 


influence exerted by other factors such as the nature of the fine soil material is 
comparatively small. 

In view of these dose relationships the crumbling point of any soil can be 
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detennined indirectly and quickly by means of the hydrometer method. This 
can be accomplished accortog to the following formulas: 


Average 


Total colloids 
Crumbling 
Total colloids 


= Crumbling point 


Qay 


^ Crumbling pomt _ 

Average--Ratio 

Clay 

Fine clay_ 


. Crumbling pomt ^ 

Average —r:-;-Ratio 

Fme day 


Crumbling point 


Crumbling point 


Since the “total colloids’’ formula involves only 15 minutes and it seems to 
give results just as good as, or better than, the clay and fine clay formulas 
which require 1 and 2 hours respectively, then the “total colloid” formula can 
be preferably used to determine the crumbling point of soils. 

FLOWING POINT 

The flowing point was chosen to represent one of the extremes toward the 
wet side of the soil as the crumbling point was selected to represent one of the 
extremes on the dry side. 

In order to reduce the results to a comparable and uniform basis the soils 
were subjected to dispersion. 

The final procedure adopted for measuring the flowing point of soils consists 
of placing about 50 gm. of soil into a 100-cc. beaker, adding sufficient distilled 
water to saturate it, and then mixing it and dispersing it by means of the motor 
shown in plate 1. The dispersion is continued with the addition of small 
amounts of water until the mixture commences to flow, when the beaker is 
turned to an angle and the mixture does not thicken on further dispersion. 

The soil is dispersed for at least IS minutes. The more the soil is dispersed 
the more water it requires to come to the flowing point. When it is about 
completely dispersed, additional stirring does not change its consistency or 
flowing point. 

The process of dispersion tends to increase greatly the amount of water 
that m a ny clay soils will take up to reach the flowing point. In some instances 
it is aJmost 100 per cent increase, whereas in other soils the increase is small. 

In table 2 are presented the results on flowing point of the same soils as 
used in the crumbling point studies. In the same table is shown the relation- 
diip that exists between the flowing point of the various soils and their “total 
colloid,” day, and fine clay. 

The results in table 2 show that there is a good correlation between the 
flowing point and the ^^total colloid,” clay, and fine clay of the various soils. 
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The coefiBlcient of correlation for all of the soils is .921 ± .029 for the “total 
colloid,” .906 ± .034 for the clay, and .915 ± .031 for the fine day. When 
these figures are expressed on a percentage basis it is seen that the variability 


TABLE 2 

Relationships between the finer material of soils* and their flowing points 



SLOWING 

POINT 

XATIO 

P. P. 

SATIO 

P. P, 

SATIO 

r. p. 


TOTAL 

coiLoms 

CLAY 

FINBCLAY 

Amarillo fine sandy loam 7-18 inches. 

ter emt 

57.3 

2.3875 

3.0157 

3.3705 

Loess soil 0-10 inches. 

41.9 

1.6367 

2.8896 

3.2230 

2.7428 

2.6231 

Stew'art sandy loam B. 

38.4 

50.1 

1.3426 

1.8731 

2.2669 

Colby silt loam, surface. 

1.4314 

Colby silt loam, subsoil. 

55.5 

1.5857 

2.1764 

2.9210 

2.4657 

Bames loam 20-40 inches. 

72.0 

1,7516 

2.2360 

Ava silt loam, subsoil... 

81.0 

1.9285 

2.4107 

2,6384 

Cecil clay loam, subsoil, uulimed. 

65.3 

1.5473 

1.7320 

1.7890 

Cecil day loam, subsoil, limed. 

65.3 

1.4740 

1.6243 

1.6873 

Davison loam 0-9 inches. 

77.5 

1.8278 

2.1587 

2 5000 

Marshall silty loam 14-18 inches. 

93.4 

2.0618 

2.6235 

2.9745 

Grundy silt loam, subsoil. 

90,0 

1.8367 

2.4724 

2.6239 

Lake Charles clay, surface. 

89.3 

1.7788 

■SrSTSI 

2.2956 

Lake Charles day, subsoil.. 

101.8 

1.8113 

2.2130 

2.4181 

Soil from Fallon, Nevada. 

88.4 

1.7715 

2.1773 

2.4352 

Aberdeen day 4-10 inches. 

93.1 

1.7801 


2.1701 

Welland clay, surface. 

81.5 

1.3628 

1.6464 

1.9176 

Wdland day, subsoil.. 

120.0 

1.6438 

1.8838 

2.1238 

Fargo clay, surface. -. 

81.0 

1.164 

1.3989 

1.4336 

FaTgo day, subsoil. * . 

106.8 

1.4550 

1.7859 

1.9925 

Elinderley day 1—3 inches . 


1.6817 

1.7193 


Ekinderley clay 3-^ inches . 

118.0 

1.5089 

1.5733 

1.6457 

Parsons silt loam B . .... 

126.2 

1.6826 

1.9626 

2.0998 

Osage day.. *. . 


1.4041 

1.7398 

1.8838 

Sharkley day ...... 

128.8 

1.5406 

1.7242 

1.8585 

silty day loam 14-18 inches . 

mmm 

1.3870 

1.5226 


HaldomaTiid clay subsoil ... 

134.2 

1.5180 

1.5677 

1.7338 


Average ratio ..... 

1.6071 

1.8977 

2.0788 

of ^orrdatioTi . 

0.921 

0.906 

0.915 

Coelfident of correlation reduced to percentage basis. ... 
Probable error . 

84.80 

0.029 

82,10 

0.034 

83.70 

0.031 


* Percentages of total colloids of clay 0.005-0.000 nun., and of fine clay 0.002-0.000 mm. 
are given in tablet. 

in the flowing point of soils is influenced about 84.8 per cent by their “total 
colloids,” 82.1 per cent by their day content, and about 83.7 per cent by their 
fine clay content. 
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Although these figures indicate a very good correlation when all the soils 
are as a whole, the ratios shown in the last three columns of the table 
reveal that in a few cases there is considerable individual variation in the rela¬ 
tionship. This occasional individual variation suggests that the property of 
flowing is not controlled in all soils as completely by the ‘^colloidal’’ or clay 
content as are some of the other properties, such as the crumbling point and 
moisture equivalent. 

Probably the chemical composition of a soil would tend to influence tlie 
flowing point because some soils of certain composition or with certain salts 
present would lend themselves to emulsification and others would not. For 
instance. Parsons silt loam of the C horizon is derived from fuller’s earth, and 
any soil that is derived from fuller’s earth or from bentonite tends to emulsify 
and gelatinize and thereby take up a large amount of water to reach the flowing 
point. On the other hand, soils such as Cecil loam show practically no emulsi¬ 
fication and consequently do not take up as much water to reach the flowing 
point. 

On account of this individual variation of certain soils, it is probably not 
safe to apply a formula to determine the flowing point for all soils. According 
to the results in table 2, the flowing point of the vast majority of soils can be 
determined comparatively accurately by the indirect method shown in the 
following but for some soils the indirect determination may not be so accurate. 
The formulas for the indirect determination are as follows: 


Average 


Total colloids 

Flowing point _ , 

-2-*:-Ratio 

Total coUoids 


= Flowing point 


Average 


Qay 

Flowing point 
Clay 


~ Flowing point 
Ratio 


Average 


Fine day 
Flowing point 
Fine day 


Ratio 


Flowing point 


The flowing point appears to possess considerable significance in that it may 
prove to be very useful in distinguishing and selecting clays for various pur¬ 
poses in the general ceramic industry. In a subsequent paper it will be shown 
that it can be used to distinguish the various kinds of bentonites. 


OTPFR PIASTIC LIMIT 

The conventional procedure (1) was used to measure the upper plastic limit 
of the same soils that have been used for the cnunbling point and flowing point. 
The general results are detailed in table 3, 

The results in table 3 also show that there is a strong tendency for the “total 
collcdds,” day, and fine clay to control the plastidty of soils. The coeflBicient 
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of correlation for all the soils is .916 d= .031 for the “total coUoids/’ .914 zk 
.032 for the clay, and .920 zh .030 for the fine clay. In other words, the varia¬ 
bility of the upper plastic limit of soils seems to be influenced to the extent of 


TABLE 3 

Rdationships between the finer materials of soils* and their upper plastic limits 



TOPER 

PIASTIC 

KAIZO 

U. P. L. 

RATIO 

TJ. P. L. 

RATIO 

IT. P. L. 


UUIT 

TOTAL 

COLLOIDS 

CLAY 

mix CLAY 

Amarillo fine sandy loam 7-18 inches. 

percent 

18.6 

0.7750 

m 


Loess soil 0-10 inches. 

22.0 

0.8590 


1.7100 

Stewart sandy loam B. 

17.1 

0.5980 



Colby silt loam, surface. 

27.7 

0.7914 


1.4502 

Colby silt loam, subsoil. 

22.5 

0.6428 


1.1842 

Barnes loam 20-40 inches. 

27.3 

0.6645 

0.8480 

0.9350 

Ava silt loam, subsoil. 

30.7 

0.7309 

0.9136 

1.0000 

Cecil clay loam, subsoil, unlimed. 

26.5 

0.6279 

0.7029 

nEsi 

Cecil clay loam, subsoil, limed. 

25.4 

0.5733 

0.6318 

MM 

Davison loam 0-9 inches. 

29.7 

0.7004 

0.8272 

0.9580 

Marshall silt loam 14-18 inches. 

40.7 

0.8984 

1.1432 

1.2961 

Grundy silt loam, subsoil.. 

27.7 

0.5653 



Lake Charles day, surface. 

39.6 

0.7888 

0.9339 

1.0179 

Lake Charles day, subsoil. 

45.9 

0.8167 

0.9978 

1.0902 

Soil from Fallon, Nevada. 

29.5 

0.5911 

0.7266 


Aberdeen clay 4-10 inches. 

43.9 

0.8393 

0.9669 

1.0233 

Welland day, surface. 

40.3 

0.6740 

0.8141 

0.9482 

Welland day, subsoil. 

43.2 

0.5920 

0.6782 


Fargo day, surface. 

48.9 

0.7025 

0.8455 


Fargo day, subsoil. 

49.3 

0.6716 

0.8244 


Kindersley clay 1-3 inches. 

63.1 

0.8131 

0.8315 


Kinderslcy day 3-8 inches. 

64.9 

0.8299 

0.8653 


Parsons silt loam B. 

55.0 

0.7333 

0.8553 

■nBCT 

Osage day. 

47.4 

0.6221 


0.8345 

Sharkley clay. i 

61.9 

0.7404 

0.8286 

0.8932 

Miami silty clay loam 14-18 inches. 

46.7 

0.6230 

0.6837 

0.7412 

Haldemand day subsoil. 

54.8 

0.6199 


0.7080 

Average ratio... 


0.7035 

0.8311 

0.9104 

Coefficient of correlation. 


0.916 

0.914 

0.920 

Coeffident of correlation reduced to percentage basis.... 

83.90 

83.50 

84.60 

Probable error. 


0.031 

0.032 

0.030 


* Percentages of total colloids, of clay 0.005-0.000 mm., and of fine day 0.002-0.000 mm, 
are given in table 1, 


about 83.9 per cent by the total colloids, 83.5 per cent by the clay, and 84.6 
per cent by the fine clay. 

Although these are good correlations for all the soils as a whole, an e xamina - 
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tion of the last three columns shows that some individual soils eidubit con¬ 
siderable variation from the majority. 

The formulas for measuring the upper plastic limit of soils indirectly by 
means of the hydrometer method are as follows: 


Average 


Total colloids 

Upper plastic limit ^ . 

- -Ratio 

Total colloids 


« Upper plastic limit 


Clay 


. Upper plastic limit , 

Average---Average ratio 

Clay 

Fine day _ 


. Upper plastic limit , 

Average-r--;-Average ratio 

Fine clay 


' Upper plastic limit 


> Upper plastic limit 


MOISTURE EQUIVALENT 

The method described in a previous communication (3) was used to measure 
the moisture equivalent of the same soils that were employed in the preceding 
studies. In table 4, are presented the general results obtained. 

The data in table 4 show good correlations between the moisture equivalent 
and the ‘^total colloids/^ clay and fine clay. The correlation for the total col¬ 
loids is .909 =b .033, for the clay is .895 db .Q38, and for the fine clay is .897 dh 
,038. Reducing these figures to the percentage basis they indicate that the 
variability of the moisture equivalent is influenced to the extent of about 82.7 
per cent by the total colloids, 80.1 per cent by the clay, and 80.5 per cent by the 
fine clay. 

The formulas for determining the moisture equivalent of soils indirectly by 
means of the hydrometer method axe as follows: 


Colloids X 


Moisture equivalent 
CoUoids 


Average ratio 


Moisture equivalent 


ClayX 


Moisture equivalent 
Clay 


Average ratio 


Moisture equivalent 


Fine day X 


Moisture equivalent 

-Average ratio 


Moisture equivalent 


In view of the variations that some mdividual soils show in some of the pre- 
ceding correlations, it was desired to ascertain whether these variations were 
due to differences in chemical compositions of the respective soils. Accord¬ 
ingly, the very fine material of several of the soils which showed variations, was 
analyzed* for silica, aluminum, and iron. The fine material analyzed was 

* The chemical analysia was made 0. B. Winter of this 



JLABJLE 4 

Rd(Uionship between the finer material of soils* and their moisture equvoalenis 



ICOISTUSS 

EQUIVAUCNT 

BATIO 

U. X. 

KAIIO 

U.S. 

KATIO 

1C. E. 

TOXAL 

COLLOIDS 

CLAY 

FENS OAV 

Amarillo fine sandy loam 7-18 inches. 

19.4 

0.8083 

1.021 

1.1411 

Loess soil 0-10 inches. 

18.4 

0.7187 

1.268 

1.4150 

Stewart sandy loam B. 

16.5 

0.5770 

0.8050 

1.1780 

Colby sill loam, surface. 

24.9 

0.7114 

1.1266 

1.303 

Colby silt loam, subsoil. 

26.2 

0.7485 


1.379 

Barnes loam 20-40 inches. 

21.5 

0.5231 

0.6677 

0.7363 

Ava silt loam, subsoil. 

24.0 

O.S713 

0.7140 

0.7765 

Cecil clay loam, subsoil, unlimed. 

24.2 

0.5734 

0.6419 

0.6630 

Cecil clay loam, subsoil, limed. 

24.8 

0.5598 

0.6169 

0.6408 

Davison loam 0-9 inches. 

28.0 

0.6603 

0.7799 

0.9032 

Marshall silty loam 14r-18 inches. 

33.0 

0.7284 

0.9269 

1.051 

Grundy silt loam, subsoil. 

35.0 

0.7142 

0.9615 

1.029 

Lake Charles clay, surface. 

39.5 



1.052 

Lake Charles clay, subsoil. 

42.3 

0.7526 

0.9195 

1.005 

Soil from Fallon, Nevada. 

38.5 

0.7712 

0.9482 

1.061 

Aberdeen clay 4-10 inches. 

38.8 

0.7418 

0.8546 

0.9044 

Welland clay, surface. 

36.7 

0.6137 

0.7414 

0.8635 

Welland clay, subsoil. 

39.5 

0.5412 


0.6990 

Fargo clay, surface. 

53.5 

0.7686 



Fargo clay, subsoU. 

42.0 

0.5483 

0.6287 

0.7216 

Kindersley clay 1-3 inches. 

51.4 

0.6623 

0.6772 

0.7119 

Kindersley clay 3-8 inches. 

61.8 


0.8240 

0.8619 

Parsons silt loam B. 

48.5 

0.6466 

0.7542 

0.8069 

Osage clay. 

50.0 

0.6561 

0.8130 

0.8802 

Sharkley clay. 

53.0 

0.6339 

0.7095 

0.7647 

Miami silty clay loam 14-18 inches... 

43.0 

0.5374 

0.6295 


Haldemand clay subsoil. 

48.5 

0.5486 

0.5665 


Average ratio. 


0.6550 

0.7734 

0.8525 

Coefficient of correlation. 


0.909 

0.895 

0.897 

Coefficient of correlation reduced to percentage basis... . 

0.8270 

0.8010 

0.8050 

Probable error. 


0.033 

0.038 

0.038 


* Percentages of total colloids, of clay 0.005-0.000 mm., and of fine clay 0.002-0.000 mm. 
are given in table 1. 


TABLE 5 


Comparison of physical properties of soils with their chemical compositions 



SiOt 

FesOi-h 

AhO. 

FciO, 

AlsOi 

GXOMB- 

HMTO 

POIHT 

IXOW- 

ZNO 

POINT 

UfPFXR 

pzAsne 

XDCIT 

SC018- 

TDBX 

BQtJXVA- 

LXNT 


percent 

percent 

percent 

percent 

percent 

\per cent 

percent 

percent 

Cecil clay loam 7-18 inches. 

39.2 

49.2 

12.4 

36.8 

11.5 

65.3 

26.5 

24.2 

Welland clay subsoil. 

47.84 

40.06 

13.01 

27.05 

20.8 

120.0 

43.2 

39.5 

Aberdeen clay 4-10 inches. 

50.65 

23.70 

7.44 

16.26 

12.2 

93.1 

43.9 

38.8 

Barnes loam. 

49.68 

28.20 

6.63 

21,57 

11.5 

72.0 

27.3 

21.5 

Haldemand clay, subsoil... 

50,50 

28.10 

8.81 

19.29 

20.6 

134.2 

54.8 

48.5 

Osage clay. 

52.01 

27. SO 

8.16 

19.34 

18.2 

128.0 

47.4 

50.0 

Kindersley clay 1-3 inches. 

53.01 

24.75 

7.71 

17.04 

19.3 

130.5 

63.1 

51.4 

Fargo clay, surface. 

52.54 

20.30 

8.08 

12.22 

13.4 


48.9 

53,5 

Amarillo fine sandy loam. 

50.91 

30.39 

8.31 

22.08 

6.5 

57.3 

H4 

00 

19.4 
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obtained from soil suspension which had stood for 30 hours. In table 5 are 
shown the chemical compositions of the fine material of a number of soils 
together with their crumbling point, flowing point, upper plastic limit, and 
moisture equivalent for comparison. 

The data in table S reveal that there is no definite relationship between the 
physical properties of the soils studied and the content of aluminum, silica, and 
iron of their fine material. The variations in the correlations of individual 
soils, therefore, cannot be explained on the basis of differences of these con¬ 
stituents in the fine material of these soils. These fi ndings, however, do not 
contradict the results of other investigators who have found that there is a 
relationship between certain ph 3 ?Bical properties of soils as a whole and their 
chemical composition. 

Referring once again to tables 1, 2, 3, and 4, one will see that the ‘^total 
colloids”—the soil material determined at IS minutes standing by the hydrom¬ 
eter method—shows a closer correlation with the various soil physical prop¬ 
erties studied than does either the conventional clay or the fine clay. These 
results tend to confirm the views previously expressed that the “total colloids” 
are more representative of the nature and texture of the soil material that 
controls the ph 3 rsical properties of soils, than is the clay, fine clay, or true 
colloids. 

Finally it should be emphasized that although the soils employed give a 
fairly representative list of different types, undoubtedly there may be some 
types or individual soils which will not show as good correlations between the 
fine material and physical characteristics as are revealed in the foregoing. 
The sands, mucks, and peats, for instance, do not show such good correlations, 
nor would it be expected. 


SUMMARY 

A study was made to ascertain whether there are close relationships between 
the “total colloids,” clay, and fine clay of soils as determined by the hydrom¬ 
eter method, and certain consistencies of soils such as the crumbling point, 
flowing point, and upper plastic limit. The idea imderlying this investigation 
was that, if there do exist such close relationships, then the consistencies and 
other soil physical properties can be indirectly determined very quickly and 
simply and probably more accurately by means of the hydrometer method. 

From the results obtained coefilcients of correlation were worked out, and 
these in turn were reduced to the percentage basis. 

The coefiSdents of correlation on the soils worked show that the variability 
of the crumbling point is controlled 93.3 per cent by the “total colloids,” 
88.93 per cent by the clay, and 85.0 per cent by the fine clay. 

The variability of the flowing point is controlled 84.8 per cent by the “total 
colloids,” 82.1 per cent by the clay, and 83.7 per cent by the fine clay. 

The variability of the upper plastic limit is controlled 83.9 per cent by the 
“total colloids,” 83.5 per cent by the day, and 84.6 per cent by the fine clay. 
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The variability of the moisture equivalent is influenced 82.7 per cent by the 
‘'total colloids,” 80.1 per cent by the clay, and 80.S per cent by the fine clay. 

No definite relationship could be established between the chemical composi¬ 
tion of the fine material of soils studied and their physical properties studied. 

Undoubtedly there may be some types or individual soils which will not 
^ow as good correlation between the fine material and physical characteristics 
as revealed in soils studied here. 

From the correlations obtained it would seem that the hydrometer method 
can be employed to obtain indirectly and quickly certain physical characteris¬ 
tics of soils. 
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PLATE 1 

Machine Used to Distbssb Soils m Detesmiking nTr. Flowing Point ox Soils 
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THE LAWS OF SOIL COLLOIDAL BEHAVIOR: VII. PROTEINS AND 
PROTEESTATED COMPLEXES* 

SANTE MATTSON 

New AgticidiuTal Experiment Station 
Received for publication August 4 , 1931 

Among the inorganic soil colloids we have distinguished between two types 
of ampholytoids. In the first place we have the amphoteric sesqnioxides, 
which may be classified as primary ampholytoids. Then there is a practically 
infinite number of amphoteric complexes, derived from the sesquioxides, which 
constitute insoluble salts with weak acids such as sUicic, phosphoric, and humic 
acids. These might be looked upon as secondary ampholytoids. The law 
governing their formation and their behavior has been the subject of the last 
four sections of this series (9,10,11,12). 

Among the organic colloids of the soil we meet with a similar grouping of 
materials. Here the primary ampholytoids are represented by the “pure’' 
proteins whereas the secondary organic ampholytoids constitute an endless 
number of protein compounds or, what we have chosen to call, proteinated 
complexes. It is these complexes which form the subject matter of this 
paper. 

Although the isoelectric pH of the hydroxides of A1 and Fe [about 8.1 and 
7.1 respectively when precipitated from the chlorides by NaOH (9)] is so high 
that these ampholytoids play their most important rdle in the soil as basoids, 
the isoelectric pH of many of the proteins is such as to bring out their dual 
character within the usual range of soil reaction. Michaelis (13) gives 4.7 as 
the isoelectric pH of the three proteins casein, serum albumin, and gelatin. 
Edestin, as we shall see, has a higher isoelectric pH, or about 5.2. Edestin 
is therefore a stronger base and a weaker acid than either of the former proteins. 
Such differences are probably due to the relative proportions of the various 
amino acids and their form of linkage in the protein molecules. A protein 
containing a high proportion of the diamino-mono carboxylic adds arginine 
and lysine migh t be expected to be more basic and less add and to have a 
higher isoelectric pH than proteins having a low content of these constituents. 
On the other hand a protein containing a high proportion of the mono-amino 
di-carboxylic glutamic and aspartic adds might be expected to be more add 
and to have a lower isoelectric pH. Thus the protamine salmin, which is 
reported to contain as high as 88 per cent arginine, possesses an alkaline re- 

1 Paper of the Journal Series, New Jersey Agricultural Experiment Station, department of 
soil chemistry and bacteriology. 
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action and would undoubtedly show a very high isoelectric pH, whereas gliadin, 
which contains as high as 42 per cent glutamic acid, is one of the most acid 
proteins and is probably isoelectric at a comparatively low pH. 

In the present work it would have been highly desirable to study proteins 
representing a wide variation in their acid and basic properties but unfortunately 
none but the more common ones; namely, egg albumen, casein, edestin, and 
gelatin were available. Of these four proteins edestin, however, differs suf¬ 
ficiently in its acid and basic properties and in its isoelectric pH to bring out 
fundamental differences in amphoteric behavior. 

THE BXTFEER CAPACITY AND THE ELECTROEINETICS OE THE (“FREE’O PROTEINS 

The various proteins were first studied as follows: One gram protein was 
dissolved in a solution containing 1 m. mol NaOH and diluted to 1 liter. 
Twenty cubic centimeter portions of the protein solutions were mixed with 
30 cc. water containing various amounts of HCl. The pH was determined 
colorimetrically where there was no interference by color reactions. Where 
this was the case the determinations were made by the quinhydrone electrode. 
The cataphoresis measurements were made by the ultra-microscopic method 
as previously described (6). 

Gelatin, as is well known, does not coagulate even at the isoelectric point. 
No gelatin particles were therefore visible in the ultramicroscope. This is 
also true of the other proteins except at or near the isoelectric point, for these 
all form an isoelectric floe. Where no particles were visible the techmque 
previously employed (S) was resorted to. This consists in adding a very small 
amount of an inert powder such as pumice. It appears as if the pumice par¬ 
ticles coat themselves with the protein and behave electrokinetically as if they 
consisted of protein. No difference in cataphoresis was observed when about 
10 times the necessary amount of pumice was added. Nor is there a break 
in the curves of casein, edestin, and albumin near the isoelectric point where 
no pumice was added. The method is therefore justified both by the results 
and by the fact that there is at present no other way of directly observing the 
cataphoretic movement of ultramicroscopicaUy invisible particles. [The 
method of The Svedberg (14) who photographed the movement of the protein 
solution by the use of ultraviolet Ught would be too elaborate where a great 
number of measurements are to be made.] 

The proteins, which were of the kind supplied by chemical firms, had the 
following composition: 


WAUB 07 PBOTEEN 

BOG 

ALBTTUIN 

(BDOEKANO 

AllB2n>) 

CASEIN 

Chassis) 

BDESim 

C.P, 

(BnCBSANS 

ahbnd) 

BACTO 

GELATIN 

(“DlPCO'*f 

sianbasd) 

Water, per cent, at 105°C. 

bqrh 

8.86 

7.66 

12.45 

Adi, percent. 


3.09 

1.06 

2.43 

N, per cent, 105® basis. 

ESI 

15.67 

17.67 

18.06 
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The results of the experiments are shown in table 74 and in figure 11. 

The electrokinetic behavior of the four proteins shows significant differences. 
All, except gelatin, coagulate over a narrow zone at the isoelectric pH. The 
albumin was isoelectric at pH 4.95, and the casein was, by interpolation, iso¬ 
electric at a pH slightly above 4.8. Edestin and gelatin were both found iso¬ 
electric at about 5.2. 


TABLE 74 


Cataphoresis of albumin, casein, edestin, and gdatin (20 cc, of a solution cortiaimng 1 gm, 
protein -f 1 millimol NaOH in 1,000 cc.) 



ALBUIOM 


CASEIN 


XDESnN 


OSLAIIN 


OMN 

HCl* 













Floe 

/i/sec. 

1 volt/ 
cm. 

I® 

Floe 

fl / s ^ 

1 volt/ 
cm. 


Floe 

M/sec. 

1 volt/ 
cm. 


Floe 

jm/sul 

1 volt/ 
cm. 

pH 

cc . 

0.4 

0 

-2.7S 

9.6 

+ 

-2.75 

8.4 

0 

-3.03 

8.9 

0 

-1.38 

9.1 

0.8 

0 

-2.63 

9.2 

+ 

-2.36 

7.1 

0 


8.4 

0 


8.7 

1.6 

0 

-2.52 

6.8 

+ 

-2.16 

5.9 

+ 

-2.63 

6.2 

0 

-0.67 

5.95 

2.0 







+++ 
++++ 
H—1"+ 
++ 

-1.08 

5.6 

0 

-0.43 

5.4 

2.2 







-0.76 

5.3 

0 

±0.0 

5.2 

2.4 




++ 

+++ 

— 1.89 

5.2 

+0.74 

+1.51 

5.1 

0 

+0.42 

+0.61 

S.O 

2.6 

++++ 

-0.38 

5.1 

-1.68 

m 

m 

0 

4.7 

2.7 

++■+•“1“ 

++-1-+ 


4.95 


. 








2.8 


4.85 

++++ 


4.9 

-l—I- 

+1.89 

4.95 

0 

00 

d 

+ 

4.5 

3.0 

++-1- 

0 

+0.52 

+0.95 

4.75 

++++ 

+++ 


4,8 







3.2 

4.60 

4.7 

+ 

+2.33 

4.9 

0 

+1.21 

4.15 

3.6 

0 


4,45 

++ 

++ 

+1.12 

+1.32 

4.45 







6.4 

0 

4.2 

4.2 

+ 

+2.52 

4.5 

0 

+1.32 

3.4 

12.8 

0 



+ 


3.8 

0 


4.3 

0 

+1.38 

+1.51 

2.8 

25.6 

0 


+ 

3.5 

0 

+2.75 

3.8 

0 

2.4 


0 « clear; « opalescent; +-f- ■■ dense opal; +■f + ’ ' milky; H—f-f-f « flocculation. 
* Plus enough water to make 50 cc. 


The casein was studied in greater detail. Thus when 2.9 cc. 0.01 N HCl 
was added to the casein solution, in duplicate tubes, the pH was 4.8 and the 
protein slightly negative. When H2SO4 and H8PO4 were added to the Na- 
caseinate instead of HCl the results were as follows: 


0 01 HsSO< 

rtoc 

ilt/SBC. 

pH 

cc. 




2.9 

++++ 

-0.24 

4.8 

3.0 

++++ 

+0.24 

4.7 

O.Ollf HsP04 




cc. 




2.9 

++++ 

-0.24 

4.8 

3.0 

++++ 

+0.16 

4.7 
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This all indicates an isoelectric point between 4.7 and 4.8 and that the casein 
‘^sulfate” and ^‘phosphate” are as soluble as the “chloride.’’ The common 



Fig. IIA. Catafhoreszs of Albumin, Casein, Edestin, and Gelatin at Ditfesent pH 
Values, Adjusted by^NaOH and HCl 



pH 

ito. IIB. Ito Bujurjw Capacixz of Edesuk, Aibuioit, Caseqt, and Gelatin in HQ 

Solution 

Tie or^naladutioBB contained Igm. protan + linil]ijnolNaOHin2,SOOca 

nma^ aniots do not, tlierefoie, affect the isoelectiic point of the proteins. 
(Ihe isodectric point of the sesquiozides is, as we have seen, greatly Hig pigfA/^ 
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to the acid side by the sulfate and especially by the phosphate ions. This we 
ascribed to a decrease in the anionic dissociation of the sulf ated and phosphated 
complexes.) 

Apart from differences in the isoelectric points it was found that gelatin 
shows a distinctly different behavior from the other protems. Thus the three 
proteins albumen, casein, and edestin become strongly negative and positive 
on the respective sides of the isoelectric point while gelatin remains electro- 
kineticaUy very sluggish over the entire range. This is most clearly brought 
out by the flattened form of the gelatin curve in figure llA. This would lead 
us to suspect that gelatin is less reactive both as an add and as a base. 

The curves in figure IIB express the buffer capacity of the four proteins. 
Albumen and casein show about the same capadty to neutralize adds whereas 
edestin is a decidedly stronger base which is in harmony with the higher iso¬ 
electric point of this protein. Gelatin, which was found isoelectric at a pH 
(5.2) as high as that of edestin shows the weakest buffer action for adds. This 
again, points to a less active protein. In our study of the proteinated complexes 
we shall find a consistent indication of this relative inactivity of gelatin. This 
property of gelatin might be related to its origin, namely, the connective tissues 
(collagen). Figure IIB does not bring out significant differences in the buffer 
action toward bases. To show this the pH must be brought to higher values, 
for although the proteins here studied are stronger as adds than as bases they 
are yet too weak as adds to neutralize much base except in alkaline solutions. 
The curves run accordingly more nearly parallel to the pH axis between the 
isoelectric point and a pH value about 9.0. The cation adsorption and exchange 
capacity by the proteins at neutrality must, therefore, be small as compared to 
that of the stronger soil addoids. 


PROTEINATED COMPLEXES 

The now generally accepted view is that the protems contain free amino and 
carboxyl groups reacting as bases: 





^COOH 


and as acids: 

C /NH, 

+ NaOH-R<f +H 2 O 

H X:OONa 


In the first case a positive protein ion or ion complex will be formed by dis¬ 
sociation thus: 



a- 
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and in the second case a negative protein ion or ion complex thus: 



The isoelectric point must be that point at which an equal number of diffusible 
anions and cations are dissociated by the protein complex. It has been shown 
( 12 ) that the soil complex contains diffusible anions and cations at the iso¬ 
electric point. This proves that the combination with acids and bases overlap, 
that is, some cations will displace H ions on the acid side and some anions will 
displace OH ions on the alkaline side of the isoelectric point. The same is 
probably true of the proteins, in which case the isoelectric condition represents 

the amphoteric ion This might be looked upon as an inner salt 

which is completely ionized analogous to CHs COO“ + NH4+ as pointed out 
by Michaelis (13b). But there can be only a small amount of these amphoteric 
ions because the proteins are very weak acids and bases and therefore exten¬ 
sively hydrolyzed into the molecular species analogous to the re¬ 

action: NH 4 + + CHs COO- NHs + CHsCOOH. 

In acid solutions the ionization of the carboxyl group is suppressed while 
the ionization of the ammonium group is increased. The protein becomes 
then a positive ion or ion complex. In alkaline solutions or in solutions 
having a higher pH than that of the isoelectric point the ionization of the 
ammonium group is suppressed while the ionization of the carboxyl group is 
increased. The protein is therefore electronegative. As long as the compound 
formed with the added acid and base are highly ionized the isoelectric point 
vdll remain the same. 

But if the acid or base (anion or cation) with which the protein combines 
forms a non-ionized compound then the aforementioned simple rule no longer 
applies. A new complex will be formed which possesses a different isoelectirc 
point. Some of these complexes which play an important r61e in the formation 
and properties of soils will now be discussed. 

ALUMINUM AND IRON ‘‘pROTEINATES” 

The sesquioxides of iron and aluminum were found to be isoelectric at 
pH values of 7.1 and 8.1 respectively when precipitated from the chlorides by 
NaOH (9). On the add side of their isoelectric point the sesquioxides become 
increasingly electropositive as a result of the dissociation of the compound 
formed with the add ion thus: 

[(Ala(W:»-i-Ala02]-H- + 2Cl- 


and 


+ 4C1- etc. 
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The proteins which we have here studied were found to be isoelectric at pH 
values from 4.8 to 5.2. At higher pH values the proteins become increasingly 
negative as a result of the dissociation of the proteinate formed with the base 
(NaOH) thus: 


and 


[(]snai)«.2s:.(cooH)«-i coo]- + Na+ 
[(NHa)n-i2*(COOH)„-2 (COOj—+ 2Na+ etc. 


where R represents a protein molecule or molecular aggregate containing n 
free NH 2 groups and m free COOH groups. 

Below a pH of 8.1 alumina exists as a cation while above a pH of 4.8 casein 
exists as an anion. Now since these ions of opposite charge are non-di£Fusible 
colloidal ions we should expect a double displacement to take place, within the 
pH range 4.8-8.1, upon mixing the two solutions resulting in the formation of 
aluminum ‘‘caseinate” (or more correctly, caseinated alumina) and NaCl. 
This combination would show itself in a complete or partial electrical neutrali¬ 
zation of the colloids. A new complex would be formed having an isoelectric 
point somewhere between pH 4.8 and 8.1, the exact value depending entirely 
on the relative proportions of the two components. 

Since alumina grows progressively more positive as we decrease the pH from 
8.1 to 4.8 and since casein increases in negative strength in the opposite direction 
it is evident that the proportion of the two components which will yield an iso¬ 
electric complex at any particularlar pH will be inversely proportional to their 
“strength.” Near pH 4,8 a little alumina and much casein will be required 
while near pH 8,1 it will require much alumina and little casein. 

The important fact is that every proportion of alumina and casein can be 
isoelectricaUy precipitated. This must apply to all mixtures of amphoteric 
colloids although it has often been stated by several investigators, who have 
paid no attention to the pH, that such colloids are precipitated in certain pro¬ 
portions only. 

In table 75 are shown the flocculation and cataphoresis at various pH values 
of three aluminum caseinate systems. Space does not allow a more extensive 
tabulation but the three systems are suflicient to show the law governing the 
reactions between amphoteric colloids having different isoelectric points. 

The results are graphically shown in figure 12, The relationship between 
composition and the isoelectric pH is more strikingly brought out by including 
in the figure the curves for “free” alumina on the one side and “free” casein 
on the other. 

It will be noted that a considerable quantity of protein is required to lower 
the isoelectric pH of alumina while, conversely, small amounts of alumina 
cause a considerable increase in the isoelectric pH of the protein. This is, of 
course, in the first place, due to the high equivalent weight of the protein and, 
in the second place, to the weakness of the protein as an acid so near its iso- 
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electric point. With 5 millimols AlCls to 1 gm. casein the isoelectric point is 
at pH 7.4 and with as little as 1/3 millim ol AlCU (about 0.017 gm. AUOs to a 
gm. of casein) the complex is isoelectric at pH S.5. The actual composition 
of the isoelectric complexes is given in table 81a, and the relation between the 


TABLE 75 

The AlCh + Na —Caseinaie systems 


soLurroK a. 
20cc. + Hd* 

SOLT7TION B, 

20ca + NaOH* 

FLOCCULATION 

/t/SEC. 

1 volt/cm. 

After mixing 

Overnight 

millimol 

millimol 





No. 121 

A: 5 millimols AlCUin 1,000 cc. 

B: 1 gm. casein +1 millimol NaOH in 1,000 cc. 


0.0 

0.25 

Opal 



6.2 

0.0 

0.26 

Instant 


+1.21 

6.6 

0.0 

0.27 

Instant 


±0.0 

7.4 

0.0 

0.275 

Instant 



7.6 

0.0 

0.28 

Instant 



7.9 

0.0 

0.30 

Opal 



8.8 


No. 121 

A: 1 millimol AlCls in 1,000 cc. 

B: 1 gm. casern + 1 millimol NaOH in 1,000 cc. 


0,0 

m 

Opal 

++ 

+1.35 

6.0 

0.0 


Opal 

++++ 

+0.55 

6.3 

0.0 


Rapid 

++++ 

+0.17 

6.55 

0.0 


Instant 

++++ 

-0.40 

6.7 

0.0 


Slow 

++ 

-0.98 

6.8 

0.0 


Opal 

0 


7.15 


No. 123 


A: } millimol Aids in 1,000 cc. 

B: 1 gm. casein + 1 millimol NaOH in 1,000 cc. 


0.015 1 

■M 

Opal 

0 


4.8 

0.010 1 

BSH 

Slow 

++++ 

+0.61 

5.2 

0.0075 


Instant 

++++ 

±0.0 

S.S 

0.005 


Instant 

++++ 


5.75 

0.0025 


Rapid 

+++ 


5.9 

0.0 


Turbid 

++ 


6.2 

0.0 

mSBM 

Opal 

0 

■il 

6.6 


* Plus enough water to make 50 cc. 


isoelectric composition and the pH is shown graphically in jfigure 14, both of 
which will be discussed later. 

Compared to the humate complex the proteins are therefore much weaker 
as adds and as electronegative colloids. One millimol of Aids to LOS gm. 
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humus resulted in a complex which was electronegative at all pH values, whereas 
2 mil l im ols AlCU to the same amoimt of humus yielded an isoelectric complex 
at pH about 4.5 (10). 

Experiments with FeCla instead of AICI 3 have shown that, as in the case of 
the sUicated, phosphated, and humated complexes, the proteinated ferric com¬ 
plexes are isoelectric at a lower pH than the corresponding Al-complexes. 

Albumin, edestin, and gelatin were studied in a single proportion with AlCl®, 
namely in the ratio of 1 millimol AICI 3 to Igm. protein. The results are 
shown in table 76. 

It will be noted that both edestin and gelatin, which in the ‘^free” condition 
are isoelectric at a higher pH than either casein or albumin, and are therefore 
more weakly acidic, suppress the isoelectric pH of their aluminum complexes 
less than the latter proteins. Such differences in the relative strength of the 



acid and basic groups of the proteins express themselves consistently, especially 
in the case of edestin and casein, which have been subjected to a comparative 
study (see figure 13). Gelatin has been found to behave somewhat erratically, 
probably because of hydrolysis which this protein rapidly undergoes in spite 
of the fact that the solutions were kept only a short time and that microbial 
activity was inhibited by the addition of toluene. 

The property of gelatin of not coagulatmg at its isoelectric point reflects it¬ 
self in the Al-'^gelatinate.” A mere opalescence but no flocculation was 
observed in any of the tubes after mixing. But on the following day floccu¬ 
lation was complete near the isoelectric point The figures in table 81A diow, 
however, that only about 25 per cent of the gelatin was carried down as compared 
to about 90 per cent of the other proteins. This lack of reactivity of the gelatin, 
which has already been referred to, expresses itself in all the complexes studied. 

The question as to the nature of the compounds formed in the preceding 
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reactions will be discussed later. It is desirable first to discuss another type 
of proteinated complexes. 

THE PROTEIN “HXJMATES’* 

In the preceding chapter we have studied the behavior of proteins as nega¬ 
tive colloids, as acids, and as anions. We shall now bring the same proteins 


TABLE 76 

The AlCh -h Na-alhumhtaiey Na-^estinatCy ajid Na-gdaiinaie system 


SOLUTION A 

SOLUTION B, 

20 CC. + NaOH 

TLOCCULATION 

/t/SEC, 

1 VOLT/Cil. 

pn 

After mbdng 

Overnight 

CC. 

mUlimol 






No. 125 

1 millimol AlCIa in 1,000 cc. 

0: 1 gm. albumen 1 millimol NaOH in 1,000 cc. 


mmam 

0.030 

Opal 

0 


5.8 


0.035 

Instant 

++++ 

+0.15 

6.1 


0.0375 

Instant 

++4-4- 

-0.42 

6.4 


0.040 

Rapid 

+++ 

-0.72 

6.6 


0 0425 

Opal 

0 

. 

6.8 


No. 124 


A: 1 millimol AlClj in 1,000 cc. 

B: 1 gm. edestin 4* 1 millimol NaOH in 1,000 cc. 


20 

0.040 

Opal 



6 3 

20 

0.045 

Slow 


+0.92 

6.65 

20 

0 0475 

Instant 


+0.47 

7.0 

20 

0.050 

Instant 


dbO.O 

7.15 

20 

0,0525 

Slow 


-0,45 

7.4 

20 

0.060 

Opal 


-1 01 

7,7 


No. 126 


A: 1 millimol AlCU in 1,000 cc. 

B: 1 gm. gelatin 4-1 millimol NaOH in 1,000 cc. 



0.050 

Clear 

0 


6.9 


0.0525 

Opal 

++ 

+0.40 

7.0 


0.055 

Opal 

++++ 

+0.18 

7.15 


0.0575 

Opal 

++++ 

— slight 

7,6 


0.060 

Opal 

+++ 

-0.26 

7.8 


0.065 

Clear 

++ 

-0.76 

8.2 


below their isoelectric pH and study them as positive colloids, as bases, and 
as cations. In this condition we shall find them to combine with negative 
colloids, with acids, and with anions. If the substance we introduce into a 
solution of a positive protein 3 delds anions or anion complexes, which form 
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with the protein a non-ionized complex, then we shall find that the isoelectric 
point of this complex is lower on the pH scale than that of the original protein. 

TABLE 77 

Tiu caseinr^hutnakt^* systems 


SOLUTION K. 

20 CC. + Hdl 

SOLUTION B 

rLOCCUIATION 

lt>/SEC. 

1 volt/cm. 

pH 


After muing 

Ovenxight 

fmUimol 

cc. 






No, 131 


A: 0.5 gm, casein •+- O.S millimol NaOH in 1,000 cc. 
B: 1.5 m. equiv. Na-humate in 1,000 cc. 


0.04 


Opal 

0 



0.06 


Slow 

+4+4“ 

-0.82 

3.1 

0.08 

20 

Instant 

++++ 

-0.61 

2.9 

0.10 

20 

Instant 

++++ 

-0.32 

2.85 

0.13 

20 

Instant 

++++ 

±0.0 

2.75 

0.18 

20 

Tnst.5i.nt 

++++ 


2.6 

0.28 

20 

Instant 

++++ 


2.2 


No, 132 


A; 1 gm. casein 4* 1 millimol NaOH in 1,000 cc. 
B: 1.5 m. equiv. Na>humate in 1,000 cc. 


0.04 

UEM 

Opal 

0 

-1.78 

.... 

0.06 


Rapid 

++++ 

-0.87 

3.9 

0.08 

20 

Instant 

+444 


3.2 

0.10 

20 

Instant 

++++ 

+0.61 

3.0 

0,14 

20 

Instant 

++++ 

40.76 

2.8 

0.18 

20 

Slow 

++++ 

40.90 

2.6 

0.28 

20 

Opal 

++ 

41.16 

.... 


No. 133 


A: 1 gm. casein + 1 millimol NaOH in 1,000 cc. 
B; 0.75 m. equiv. Na-humate in 1,000 cc. 


0.04 

m 

Opal 

0 

wbum 

P • « • 

0.045 


Rapid 

4444 

■SIH 

4.45 

o.os 

20 

Instant 

++++ 


4.05 

0.06 

20 

Instant 

4444 

+0.64 

3.6 

0.08 

20 

Slow 

44 

41.11 

.... 

0.10 

20 

Turbid 

4 

+1.17 

.... 


For the study of such complexes in which the protein plays the part of the 
basic group we have selected the following soil acidoids: humic acid from peat, 
bentonite, and silicic add. 

The humic add was employed in the form of Na-^Tiumate” containing 0.35 
gram dry weight humus to each millimol NaOH. The same preparation has 
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been described in section IV of this series. The flocculation and cataphoresis 
at various pH values of three different mixtures of casein and Na-humate are 

TABLE 78 

The dlbimlfiredesHfh and gelaiin^^^humate” system 


SOLUTION A. 

20ca + HCl 

SOLUTION B 

TLOCCULATION 

m/skc. 

pH 

After mbdng 

Overnight 


milHviol 

cc. 






No. 135 


A; 1 gm. albumin + 1 millimol NaOH in 1,000 cc. 
B: 1.5 m. equiv. Na-humate in 1,000 cc. 


0.06 

■M 

Opal 

0 

-1.44 

.... 

0.065 


Rapid 

++++ 

-0.87 

4.0 

0.07 

20 

Instant 

++++ 

-0.52 

3.8 

0.08 

20 

Instant 

++++ 

rtO.O 

3.4 

0.09 

20 

Instant 

++++ 

+0.52 

3.25 

0.10 

20 

Slow 

++++ 


3.15 

0.12 

20 

Turbid 

+++ 

H-0.9S 

3.0 


No. 134 


A: 1 gm. edestin -f- 1 millimol NaOH in 1,000 cc. 
B: 1.5 m. equiv. Na-humate in 1,000 cc. 


0.05 

WKM 

Opal 

+ 

-1.51 

• * * * 

0.055 


Instant 

++++ 

-1.26 

4.55 

0.06 

20 

Instant 

++++ 

-0.47 

4.1 

0.07 

20 

Instant 

++++ 

+0.46 

3.5 

0.08 

20 

Rapid 

++++ 

+0.78 

3.35 

0.09 

20 

Rapid 

++++ 

+1.01 

3.25 

0.10 

20 

Turbid 

+++ 

+1.21 

3.15 


No. 136 


A: 1 gm, gelatin (no NaOH) in 1,000 cc. 
B: 1.5 m. equiv. Na-humate in 1,000 cc. 


0.03 

mEm 

Opal 

0 



0,035 


Instant 

++++ 

—slight 

4.2 

0.04 

20 

Instant 

++++ 

+slight 

3.9 

0.045 

20 

Instant 

++++ 

+0.43 

3,7 

0.05 

20 

Slow 

+++ 

+0.50 

3,5 

0.06 

20 

Opal 

+ 

+0.90 

.... 


shown in table 77. Table 78 shows the same relationship with albumin, edestin, 
and gelatin in a single proportion of each with the humate. 

In the aluminum “proteinate’’ systems we were dealing with reactions be¬ 
tween two amphoteric components. The isoelectric point of any complex of 
these two components will be found between the isoelectric points of the pro- 
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tein and of the alumina. In the protein-^humate’’ systems we are dealing 
with the reactions between an amphoteric component on the one side and a 
strictly electronegative and acidic component on the other. The result of 
this reaction will be as follows: As the humus or the negative component is 
increased the isoelectric point will be displaced more and more to the add side 
until, with a certain excess of the humus or negative component, the resulting 
complex is no longer electrokineticaHy amphoteric but migrates anodically at 
all pH values. 

The protein-'humate’’ systems resemble in behavior the aluminum and ferric 
^humates’’ which were discussed in previous sections (10), but the isoelectric 
points of the former are, of course, much lower because of the weaker basic 
properties of the proteins. The relationship is best seen in figures 8 and 12. 
In figure 12 the cataphoresis of humic add in HCl solution is also shown. In 
system no. 131, in which the proportion of humate to casein is the highest, we 
note that the positive charge is low and that the complex is completely floccu¬ 
lated at a pH as low as 2.2. When the proportion of humus exceeds a certain 
limit the complex must remain negative and approach in behavior that of 
‘‘free” humus. 

If we assume the “humic add” to be strictly addic [which is not true because 
aU humus contains some nitrogen, indicating proteins, and although the peat 
humus here employed is cataphoreticaUy negative at allpH values its amphoteric 
reaction was demonstrated by an exchange alkalinity (12) at low pH values], 
we might represent it by a general formula if we make the further assumption 
that its addic property is due to COOH groups thus: Jf(CC)OH)« and its 
sodium compounds thus: 

[If. (COOH)^i.COO]- + Na+ 

[M- (COOH)rt-2COO]—' + 2Na+ 


etc., in which M represent the molecule or molecular aggregate to which x 
groups of COOH are linked. The complexes which the positive proteins form 
with humic acids may then be expressed by the formulas: 


✓(NHsOfi-i 

(COOH),-i—JIf—COO—HJJT— 

XCOOH).„ 


< 00—HaNv / 
00—HaN^ ^ 


(COOH)« 


etc. 


These complexes would react amphoterically and become positively charged 
in solutions suflSdently add to yield a greater number of the cationic spedes, 
[R —than of the anionic spedes, [JR — C00]“*. 

The pH at which the two forms of dissociation balance each other must 
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be the isoelectric pH. Above this pH the complex would be negative because 
of preponderance of the anionic species. A complex in which the non-diffusible 
acidic component (e.g. the humus) exceeds the non-diffusible basic component 
(e,g. the protein) must remain negative at all pH values either because all the 
basic groups are linked up in a non-ionizing combination thus: 

(CCK)H)a^—(COO)n—(HsNln—ie—(COOH)^ 

or because the number of the NH 2 groups, free to combine with the diffusible 
acid (e.g. HQ), is insufficient to form the required excess of the cationic species. 
In other words the anionic dissociation by the complex would never exceed the 
cationic dissociation at any pH. 

It is interesting to note that gelatin, which, when alone, does not flocculate 
even at its isoelectric point, is instantly flocculated together with humic acid. 
The amount of gelatin carried down in the floe is, however, in every case less 
than that of any other of the proteins (see table 81b). When we speak about 
gelatin or any other protein as a '^protective’’ colloid we should be careful to 
define the conditions and keep in mind the chemical nature of the substance to 
be "protected.” 


THE PROTEIN "bENTONATES” 

It is realized that the term "bentonate” is a very loose one but we shall 
find it expedient to use it just as, and for the same reason that, we have found 
it expedient to employ the term "humate.” Bentonite is distinctly acidic 
and gives no indications of being amphoteric either cataphoretically or in its 
exchange reactions (12). Electrodialyzed, its suspension was found to be more 
acid (pH 2.6) than that of the aforementioned sample of humus but the cation 
exchange capacity of the bentonite at pH 7.0 is only a little more than one-third 
of that of the humus, or 1.02 and 2,87 milliequivalents per gram respectively. 
At a pH of 2.0 the bentonite adsorbed, however, considerable Ca ions (12) 
whereas the Ca-ion adsorption by hmnus reached a vanishing point at thift 
pH. Bentonite must therefore be looked upon as a stronger acid than humus. 
This can partly be ascribed to the presence of proteins in the latter. The 
equivalent weight of the humus is, however, about one-third that of bentonite 
and possesses therefore the greatest neutralizing power. All this is mentioned 
because of its relation to the way these acidoids react with the proteins. 

Table 79 shows the flocculation and cataphoresis at various pH values of 
casein and edestin "bentonates.” Albumin and gelatin were also included but 
except for the composition of the isoelectric floe (table 81c) the tabulation is 
omitted. The bentonite was used m the hi^y dispersed Na-saturated cem- 
dition. 

AH the proteins flocculate isoelectrically with bentonite at a pH below that 
of the "free” proteins. But the displacement of the isoelectric point is not 
nearly as ^eat as in the case of the "humates.” With a ratio of 1:1 of casein 
to bentonite the isoelectric point is displaced from about 4.8 to about 4.25 
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(interpolated). With the same ratio of edestin to bentonite the isoelectric 
point was displaced from 5.2 to about 4.6. With a ratio of 2 of protein to 1.05 
of humus the isoelectric points were displaced to pH 3.2 in the casein and 3.8 
in the edestin system. With a ratio of 1 casein to 1.05 humus the system was 
isoelectric as low as pH 2.75. 

The humus with nearly three times the neutralizing power per gram as 
compared to bentonite, causes by far the greatest displacement of the Iso- 


table 79 

The casein- and edestin-^hentonaU” systems 


SOLUTION A, 

20 CC. + HCl 

SOLCnON B 

rLOCCULATION 

m/sec, 

1 volt/cu 

pH 

After mizmg 

Overnight 

mUlimol 

cc. 






No. Ill 


A: 1 gm. casein -h 1 millimol NaOH in 1,000 cc. 
B: Igm. bentonite in 1,000 cc. 


0.035 

20 

Opal 

0 

+1.89 


0.040 

20 

Instant 

+++ 

-1.68 

5.6 

0.045 

20 

Instant 

++++ 

-1.38 

5.5 

0.050 

20 

Instant 

++++ 


4.4 

0.060 

20 

Instant 

++++ 


3.9 

0.080 

20 

Rapid 

++ 

+1.48 


0.120 

20 

Slow 

+ 

+1.65 

.... 


No. 112 


A: 1 gm. edestin -f- 1 millimol NaOH in 1,000 cc. 
B: 1 gm. bentonite in 1,000 cc. 


0.025 

20 

Turbid 

0 

-1.78 (?) 

.... 

0.030 

20 

Instant 

++ 

-1.89 (?) 

5.9 

0,035 

20 

Instant 

+++ 

-l.SS 

5.7 

0.040 

20 

Instant 

++++ 

-1.10 

5.3 

0.045 

20 

Instant 

++++ 

-0.30 

4.65 

0.050 

20 

Rapid 

+++ 

+1.12 

4.4 

0.060 

20 

Slow 

++ 

+1.89 

4.35 

0.120 

20 

Turbid 

0 

+1.89 

.... 


electric point of the proteins to the acid side. This speaks strongly in favor 
of an actual combination between the basic group in the proteins and the acid 
group of the humus and bentonite as suggested in the foregoing. A more 
direct proof of such combination will be given later. 

THE PROTEIN SILICATES 

Silicic acid is an extremely weak acid and adsorbs only small amounts of 
cations from neutral salt solutions. Its cation exchange capacity is therefore 
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very small as compared to the hydrous alumino-silicates such as bentonite 
and the synthetic silicates discussed in the foregoing sections (11). Why silicic 
acid should be a stronger acid in (partial) combination with A1 and Fe than in 
the free state has never been explained. The structure might be a factor, as 
previously suggested (11), but it might be that silicic acid is a pseudo-acid 
existing in water largely as Si 02 and only to a small extent as H2Si03 or £[ 48104 . 
In partial combination with the hydroxides of A1 and Fe thus: 

(OH)j—Al—SiOs—H 


TABLE 80 

The casein and edestin ‘^silicate^* systems 


SOLUTION A, 

20 cc. + HCl 

SOLUTION B 

IXOCCULATION 

ju/SBC 

1 volt/ol 

pH 

After mixing 

Overnight 

millimol 

cc. 






No, 115 


A: 1 gm. casein + 1 millimol NaOH in 1,000 cc. 
B: 10 millimols Na^SiOs in 1,000 cc. 


0.460 


Opal 

0 


5.35 

0.465 


Slow 

++++ 

- 0,73 

4.9 

0.467 

20 

Rapid 

++++ 

±0.0 

4.7 

0.470 

20 

Rapid 

++++ 

+ 0.47 

4.5 

0.475 

20 

Opal 

+ 


4.35 

0.48 

20 

Opal 

0 


4.25 


No, 116 


A: 1 gm. edestin + millimol NaOH in 1,000 cc. 
B: 10 millimols NasSiOs in 1,000 cc. 


0.440 

iraii 

Opal 

0 

m/mm 

6.3 

0.450 


Milky 

+ 

■MH 

5.85 

0.455 

20 

Instant 

++++ 


5.65 

0.4575 

20 

Instant 

++++ 


5.4 

0.460 

20 

Instant 

++++ 

mmm 

5.25 

0.465 

20 

Milky 

+++ 

+ 1.01 

5.0 

0.47 

20 

Opal 

! 0 


4.8 


a reversion to the Si 02 coxild not take place thus leaving a stabilized acid residue. 
This problem is now being investigated in the form of a series of alumino¬ 
silicates of great variations in composition. 

The weakness of silicic acid expresses itself interestingly in its reaction with 
the proteins. The results with casein and edestin are diown in table 80. 
Albu mi n reacted in a similar manner but gelatin, which flocculated more or 
less hesitatingly in the preceding systems, was entirely unaffected by silicic 
add as far as the optical appearance went. 
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The weak silicic acid which adsorbs only sTnall amounts of the common 
cations from neutral solutions combines evidently very feebly with the pro¬ 
tein cations at the low pH at which these substances become cationic. The 
isoelectric point of the proteins is displaced to the acid side in a barely per¬ 
ceptible degree by as much as 10 millimols of silicic acid per gram protein. 

The displacement is best seen in jSgure 13, in which the various casein and 
edestin systems are compared. The comparison is instructive because it shows 
fairly constant differences in the isoelectric points of the two series of proteinated 



$ 7 ^ V j a- 

P// 

Fig. 13. The Isoelecxric Points or Casein and Edestin and Some os Their Compounds, 

Compared 

complexes. The broken line perpendiculars indicate the differences of the 
two systems. The isoelectric points of “free” edestin and casein differ by about 
0.4 pH, This order of magnitude is, within certain limits, maintained through¬ 
out the two series. 

This all speaks well in favor of the accuracy of the method here employed 
in measuring the cataphoretic movement of ultramicroscopic particles. The 
cell constructed by the author has the great advantage of enabling the experi¬ 
menter to make a great number of measurements in a diort time. Mass work 
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of tMs kind is, however, unavoidably done at the expense of great accuracy. 
Greater accuracy may be attained but only at the expense of much time. 
The sources of errors in the foregoing measurements are not entirely catapho- 
retic but of the most intricate and varied origin. Thus besides errors in pH 
the systems are affected by the mode of mixing the colloids, but the drift in 
the magnitude of the charge and of the isoelectric point, by hydrolysis, by the 
temperature, etc. The systems are d 3 mamic and unstable, the colloidal 
complex, especially the amphoteric complex, is very sensitive. 

THE COMPOSITION OF THE ISOELECTRIC COMPLEXES 

The composition of the various isoelectric complexes was determined as 
follows: Using 0.2 gm. of protein, the various systems, containing the propor¬ 
tions studied cataphoreticaUy, were isoelectrically precipitated by adding the 
calculated amount of HCl or NaOH. The floe was filtered off but not washed, 
dried in the air, and, together with the paper, digested in Kjeldahl flasks. The 
nitrogen in the original proteins, in the various precipitates, in the humus, in 
the bentonite, and in the paper was determined and on this basis the quantities 
of the proteins carried down in the floe were calculated. The Si02 was deter¬ 
mined in the supernatant liquid, the difference being accounted to the floe. 
The humus, the bentonite, and the sesquioxides were quantitatively precipitated 
in all of the systems studied. The results are shown in tables 81 a, b, and c. 
The composition of the various Al-'‘casemates’' and casein-^'humates” are 
plotted as ordinates against the isoelectric pH values as abscissas in figure 14. 
The curves, representing the two series of compounds, originate on the abscissa 
axis, at pH 4.8, the isoelectric point of “free^’ casein. 

If we examine the various Al-^^caseinates” and casein ^'humates” we find that 
the percentage of casein precipitated is somewhat higher, the higher the pro¬ 
portion of aluminxim or humus. It is also noteworthy that of the 10 milli- 
mols of SiOa added to 1 gm, each of casein and edestin only 0.84 milUmol and 
0.63 millimol respectively were precipitated. The percentage of gelatin which 
precipitated is smaller than that of any of the other proteins. Gelatin and 
silicic acid did not, under the conditions of the experiment, form any precipitate 
although such a perdpitation is recorded by Graham, who worked with more 
concentrated solutions (1), 

We note that in no case is the protein quantitatively predpitated. Whether 
the predpitated and non-predpitated fractions of the proteins are identical 
or of a different nature has not been determined. It is concdvable that the 
fraction which r em ain s in solution represents, on the one side a basic group dis¬ 
placed by A1 and Fe and on the other side an add group displaced by the humus 
and bentonite. 

The so-called ‘^simple” proteins may constitute compounds of proteins having 
different isoelectric points just as the “conjugated” proteins are compounds of 
prote^ wittx non-protein groups. Thus the basic histones would undoubtedly 
combine with the addic prolamines forming complexes which would all be 
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TABLE 81A 

The composition and pH of isoelectric AU and Fe-^^proteinates^^ 


(DOution = 1 gm. protein in 2,500 cc.) 


&VST3&1C 

NUUBEK 

COMPLEX 

COMFOSmOK 
SATIO or SYSTEM 

ISOSLECTBIC 

pH 

PaOTEIM 

PBECJPI- 

TATED 

COMPOSmONOF 
1S03CLBCTSIC COMPLEX 


Protean 

SiOi 

Protein 



mUlimol 

gm. 


per cent 

miUtmol 

gm. 

127 

Fe>caseinale 

1 

0.40 

7.0 

92.8 

1 

0.37 

121 

Al-caseinate 

1 

0.40 

7.4 

89.2 

1 

0.36 

123 

Al-caseinate 

1 

6.00 

5.5 

81.5 

1 

4.89 

122 

Al-caseinate 

1 

2.00 

6.6 

84.2 

1 

1.68 

124 

Al-edestinate 

1 

2.00 

7.15 

90.5 

1 

1.81 

125 

Al-albuminate 

1 

2.00 

6.2 

92.5 

1 

1.85 

126 

Al-gelatinate 

1 

2.00 

7.4 

25.4 

1 

0.51 


TABLE 81B 

The composition and pE of isoelectric protein ^^humates^^ 


SYSTEM 

NUMBER 

COMPLEX 

COMPOSITION 
RATIO OF SYSTEM 

ZSO- 

ELSCTSIC 

pH 

PXOTEIN 

PSXCIPI- 

TATED 

COMPOSITION OF 
ISOBLSCTSIC COMPLEX 

Protein 

Humus 

Protein 

Humus 

mm 


gm. 

gm. 


percent 

gm. 

gm. 


Casein^humate 

1.00 


2.75 

95.0 

0.905 

1.00 


Cas^-huxnate 

1.00 

0.262 

3.9 

89.9 

3.43 

1.00 


Casem-humate 

1.00 


3.2 

93.6 

1.78 

1.00 

134 

Edestin-lnimate 

1.00 

0.525 

3.8 

94.7 

1.80 

1.00 

135 

Albumin-humate 

1.00 

0.525 

3.4 

94.7 

1.80 

1.00 

136 

Gelatin-hnmate 

1.00 

0.525 

4.0 

70.2 

1.34 

1.00 


TABLE 81C 


The composition and pH of isoelectric protein-^bentonates^* and ^^silicates^* 


SYSTEM 

NUMBER 

COMPLEX 

COMPOSZXZON 
RATIO OF SYSTEM 

ISO¬ 

ELECTRIC 

pH 

PROTEIN 

PRECIPI¬ 

TATED 

COMPOSITION or 
ISOBUECTBIC COMPLEX 

Protean 

B^tonite 

Protein 

Bentonite 



gm. 

1 

gm. 


per cent 

gm. 

gm. 

111 

Casein-bentonate 

1.00 

1.00 

4.25 

95.1 

0.951 

1.00 

112 

Edestin-bentonate 

1.00 

1.00 

4.58 

94.5 

0.945 

1.00 

113 

Albumin-bentonate 

1.00 

1.00 

4.20 

97.7 

0.977 

1.00 




SO* 



SiOs PRECIPIXATED 




nUUimols 



percent 

115 

Casein-silicate 

1.00 

10.00 

4.7 

79.5 

8.4 

116 

Edestin-silicate 

1.00 

10.00 

5.15 

82.0 

6.3 


isoelectric at pH values between those of the ‘‘simple” proteins. Such com¬ 
bination must result within the animal and plant organism. For this reason 
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no two samples of any one kind of protein can be expected to be exactly alike. 
It might be said about the protems that they are products of their environment. 

The chemistry of the proteins which, at the time of Emil Fischer, looked so 
promising has made very little progress and, in the opinion of as eminent an 
authority as Levene (3), promises little for the future. But where the methods 
which have proved so useful in the organic chemistry of the more simple com¬ 
pounds fail, the methods of colloid chemistry might be successfully applied. 

THE NATURE OF THE COMPOUNDS 

The most important question arising from the preceding data is the mecha¬ 
nism by which the various components react to form new complexes. The 
problem of the mutural flocculation of oppositely charged coUoids has been 


-5 
k 


I 


jc 


1 


/.o 



pH 


JJ 

% 

K 

S 

I 
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Fig. 14. Relation Between Composition and Isoelectric pH of A1-* ‘caseinate” and 

Casein-“humate” 


extensively investigated and many of the investigators are satisfied with the 
explanation that the colloid, being stabilized by its charge, must flocculate 
when this charge is neutralized. Some others (15) would explain the phenom- 
enom by assuming that the charge and stability of the colloid are due to an 
extraneous stabilizing electrolyte and that the electrical neutralization and 
flocculation is the result of a chemical reaction between the stabilizing elec¬ 
trolytes. By what valences or forces the stabilizing electrolyte is attracted 
to the colloid in the first place and what satisfies these valences after the stabi¬ 
lizer is removed are not considered. The colloids themselves do not react, 
they are not ionogens but merely carriers of ions. 

Although this explanation may be true of inert substances such as paraffin, 
collodion, and air bubbles, it does not fit the case of reactive colloids Ijkft the 
addoids, ampholytoids, and their compounds. We might as well say that 
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NaOH stabilizes CO 2 , that HCl stabilizes CaO, and that, when the solutions 
are mixed, a precipitate is formed because the stabilizers react, as to say 
that NaOH stabilizes a protein, that HCl (or AlCU) stabilizes alumina, and 
that, when the two are mixed, flocculation occurs because a chemical reaction 
removes the stabilizers. We would be stating the most unessential half of 
the truth, for we would have said nothing about calcium carbonate and 
nothing about the complex of alumina and protein which was formed by the 
double displacement. 

If alumina, or rather aluminum oxychloride, is positive thus: 

[(AI 2 OO.—Al202]++ 2 cr 

TABLE 82 


The adsorption of 50* ions by alumina and alumimtm-^^albttminate** at various pH 
A*s: 0.5 millimol Al 2 (S 04 )a in 250 cc. 

B*s: 0.5 millimol Al 2 (S 04)8 + 1 gm. albumin in 250 cc. 


SOLUTION 

NaOH 

1 

pH 

SO 4 

Also, 

In solution 

In precipitate 

In solution 

In precipitate 


millimols 


millimols 

millimol 

millimol 

millimols 

Al 

1.75 

4.25 

1.26 

0.24 


0.378 

A2 


4.4 

1.24 

0.26 


0.425 

A3 


6.45 

1.31 

0.19 


0.500 

Bl 


4.7 

1.27 

0.23 


0.441 

B2 


5.0 

1.28S 

0.215 


0.482 

B3 


5.9 

1 35 

0.15 

None 

0.500 


Composition of precipitates: 

Al; Ab03'(S03)0*635 Bl: AlaOs’CSOslo-sw 

A2: AlaOs'CSOs)0.618 B2: AlaOa*( 803 ) 0.447 

A3: AI 2 O 3 *( 803 ) 0.875 B3: AI 2 O 3 *’( 803 ) 0.305 


and is rendered isoelectric by the removal of the dissociated Cl ions then some 
other anions which do not dissociate must take their place. In the case of the 
Al-^‘proteinates” it is assumed that the protein anions have displaced the dif¬ 
fusible Cl ions thus: 


(AI2O3) 



(NI3Vi)n 

(COOH) 


It 


Now this complex can combine with more Cl at a lower pH and again become 
positive, but at a given pH the proteinated complex diould contain less Cl than 
the free alumina, provided the pH is not so low that the amino groups combine 
with appreciable quantities of HCl. To verify this the pH must therefore be 
kept well above the isoelectric point of the protein. 

This has been investigated, but instead of the Q ion the SO 4 ion was selected 
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because the latter ion is more strongly adsorbed by alumina and, what is more 
important, this divalent anion keeps the positive complex flocculated over a 
much greater range. Aluminum sulfate was therefore used instead of the 
chloride. Albumin was used because this protein was free from both calcium 
and sulfates. The results are shown in table 82. 

The experiment shows clearly that the protein, reacting as anions, displaces 
the SO4 ions just as we found the silicate ions to do in the silicated complexes 
(9). Since the pH values of the A and B solutions are not the same, the 



Fro. IS. ALUMiNtJii “Hydroxide” Combines with (Adsorbs) More SO4 than 
AI-aibuminate (Left) ; Httmic Acid Adsorbs More Ca than Albumin 
“Hdmate” (Right) 

This proves that protein anions and cations displace the common anions and cations 
respectively, 

relationship is best brou^t out in figure 15. It will be noted that the “al¬ 
buminate*’ curve is such that if extended on the acid side it would cross the 
free alumina curve. This is what we should expect, because at lower pH values 
the amino group becomes active and adsorbs anions. 

We shall now see that the protein cations displace the common cations in 
combination with acidoids. If the proteins react as cations on the acid side 
of their isoelectric point and combme as such with the acidoid group, i.e., 
humus, bentonite, etc. then at a given (low) pH the acidoids should adsorb 



LAWS OF SOIL COLLOIDAL BEHAVIOR: VH 


63 


more of the common cations when alone than when in the presence of proteins, 
that is, Ca-‘*humate’’ should contain more Ca at a pH of 3 or 4 than “Ca- 
albumin-humate.’^ 

To verify this the experiment shown in table 83 was performed. Allowance 
for the volume occupied by the solids was made by assuming a specific gravity 
of 1.4 for the organic matter. 

At the same pH considerably more Ca was adsorbed by the free humus than 
by the mixture of albumin and humus. The results are best shown in figure 
15. Here again the two curves show a tendency to cross and undoubtedly 
would cross at higher pH values where the protein is anodic and combines with 
cations. Since the systems do not flocculate except within the range covered, 
this could not be verified. 

The negative adsorption in two of the albumin-^humate’^ systems is due 
to the Donnan distribution of the free ions. The swarm of Cl ions surrounding 

TABLE 83 


TAe adsorption of Ca ioris by humus and by albumin-^^huinate*^ at various pH 
A*s: 3m.equiv.Na-liiimate(= 1.05gm.humus) -|“4m.equiv. CaCbinSOOcc. 
B*s: 3 m. equiv. Na-humate + 2 gm. albumin + 4 m. equiv. CaCls in 500 cc. 


SOLtTXEOK 

Ha 

pH 

Ca IN soLimoN 

CaABSOXBBD 


m. equiv 



m. equiv. 

A1 

2.0 

3.8 

3.07 

0.93 

A2 

4.0 

3.0 

3.70 

0.30 

A3 

6.0 

2.5 

3.86 

0.14 

A4 

8.0 

2.15 

3.97 

0.03 

A5 

12.0 

1.8 

4.00 

0.00 

B1 

3.0 

4.2 

3.27 

0.73 

B2 

4.0 

3.8 

3.85 

0.15 

B3 

6.0 

3.0 

4.14 

-0.14 

B4 

10.0 

2.5 

4.19 

-0.19 


the positive complexes forces an excess of the free CaCU into the external solu¬ 
tion. This negative adsorption must be present in all of the other systems 
as well, except (theoretically) in the isoelectric, but is here more than balanced 
by the positive adsorption (7). 


STOICmCOMETRY 

The ion-complexes or micelles of the preceding compounds are highly multi¬ 
valent, running perhaps in the larger ultramicrons, into the hundreds of thou¬ 
sands (8). The number of combinations is infinite. As previously pointed 
out, there can therefore be no stoichiometrical relationship between the con¬ 
stituent parts of so complex substances. But is not such a relationship an 
exception rather than a rule even in the case of “simple” compoimds? Within 
the crystal lattice the law of definite proportions of any pair of ions doubtless 
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holds, but in the solution and at the surface of crystals or at the interface of 
colloids the composition of compounds may be as complex as the solution 
itself. We know that ions combine in some way with the water molecules 
(hydration) but we do not know in what proportions. We know that the ions 
in solution mutually affect one another but we know very little about the form 
in which they exist. Modem chemists frequently disagree as to the dejBnition 
of acids, bases, and salts (16). 

The mass law has been found to be only an approximation. The pH of a 
solution does not express the mass or concentration of the H ions but instead 
the activity of these ions. The energy or activity concept has taken the place 
of the mass concept in chemical reactions, and the law of defimte and multiple 
proportions, being essentially a mass law, must likewise be modified by the 
newer concepts of energetics. 

But, it might be argued, the stoichiometric relationship of ^‘pure” compounds 
is the basis of all methods of analysis. The answer to this is, in the first place, 
that in the development of analytical methods every conceivable procedure 
is tried and only that one which 3 delds the comparatively best results is adopted. 
The result is, in general, a method which is limited to a very narrow set of 
conditions. We are cautioned against the ‘'occlusion” of this or that ion. In 
the second place the accuracy of the final determination of the separated “pure” 
compoxmd is subject to inherent limitations. Thus the SOi or Ba ions are 
measxired in terms of barium sulfate, which is always expressed by the formula 
BaS 04 . In other words the barium sulfate precipitate, whatever it is, is used 
as its own yardstick; we are determining the accuracy of the yardstick by 
itself. 


THE REACTION WITH SILVER CHLORIDE 

Silver chloride must be looked upon as one of the most simple compounds. 
It plays an important rdle in qualitative as well as in quantitative chemistry 
and respresents, to the analytical chemist, something very definite. Yet the 
complexity of this substance is easily demonstrated. It probably plays a 
minor r61e among the soil colloids but from what we have learned during the 
last years about the rarer elements any positive statement would be premature. 
But because of its bearing on the subject here studied a brief discussion will 
be given. 

If an excess of NaCl is added to a dilute solution of AgNOa an opalescent, 
negative sol is formed. With an excess of AgNOs an opalescent, positive sol 
results. In equivalent proportions an isoelectric or nearly isoelectric precipitate 
is formed. This behavior, characteristic of the silver halides in general, has 
been extensively investigated by Lottermoser (4). 

If in a series of beakers we add an increasing excess of NaCl in one direction 
and an increasing excess of AgNQs in the other and examine the sols thus 
formed we find that the dispersibility increases, as shown by a decreasing opales¬ 
cence, as the excess of either reagent is increased. If we examine the various 
sols cataphoretically we find that the negative charge increases progessively 
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with an increase of NaCl whereas the positive charge increases with an increase 
of AgNOs (see table 84). 

If we study the effect of these sols on a protein solution such as that of gelatin 
we find that the negative silver chloride sols precipitate with positive gelatin, 
i.e., on the acid side of the isoelectric point of the “free” protein, whereas the 
positive silver chloride sols precipitate with the gelatin on the alkaline side of 
its isoelectric point, i.e., with negative gelatin. Since the Cl as well as the 
H ions decide the sign of charge of the components of these systems, HNO3, 
instead HCl, must be used in adjusting the pH. 

These systems are very complicated, as shown by a single illustration: If a 
mixture of negative silver chloride and of positive gelatin is negative at pH 4 
we know that the silver chloride is in excess and that we can render the system 
isoelectric by adding more of the gelatin solution. But we can also adopt the 
activity concept and say that the silver chloride is the most active component 
for we can also render the system isoelectric either by des-activating the silver 
chloride with a little Ag NO3 or by activating the gelatin by a lowering of the 
pH with HNOs. If, on the other hand, the mixture is positive at pH 4 it 
may be made isoelectric; (a) by addng more of the silver chloride, (b) by 
activating the silver chloride by a little NaCl, or (^) by des-activating the 
gelatin by raising the pH. 

Now what is the nature of this amphoteric compound (or compoimds) of 
silver and chlorine? To express a series of compounds differing so greatly in 
their behavior by the simple formula AgCl would be absurd. To say that 
negative silver chloride represents the compound AgCl, made negative and 
stabilized by NaCl does not account for its behavior. It would be impossible 
to account for its reaction with positive gelatin chloride on the assumption 
that mutual flocculation depends merely on the reaction between the “sta¬ 
bilizing” electrolytes. What reaction can take place between NaCl and HCl? 

The following hypothesis will be found to account for aU the observed 
phenomena. When crystals of AgCl are forming in a solution both ions must 
enter the crystal lattice in the same proportion until one of the ions is depleted, 
then the crystals must cease to grow. But the other ion, if present in excess, 
will continue to be attracted by the ions of opposite charge in the surface layer 
of the crystals. Since the ions which are deposited in excess are only partly 
neutralized the crystal will carry an electric charge and act as a complex 
anion or cation which may be represented as follows: 


a- a- 
Cl-A^ -CbAg-a- 
Cl”'Ag-Cl* 

Cl-Ag- Cl-Ag-Cl- 
Cl-*Ag*a- Ag*Cl 

a- 

Chlor-axgentic 

anion-complex 


Ag** Ag+ 
Ag+*a-Ag-Cl-^ 
Ag-Cl-Ag-a-Ag’* 
Ag+*a-i^-a-Ag 
Ag-CbAg-a-Ag^ 
Ag+ Ag*' 
Chlor-aigentic 
cation-complex 
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The ions in excess which retain a free charge must remain paired, the Cl ions 
to the Na ions, and the Ag ions to the NOs ions. But the Na and NO3 ions 
possess a high solution tension and remain dissociated forming the outer layer 
or ion atmosphere. If, in place of the customary molecular formula, we at¬ 
tempt a formulation of a colloidal ionogen of this type we might represent the 
ionization by the following scheme: 

(Aga).*(aNa)„ ^ ,Na+ + (Aga)«*ar 
and 

(AgCl)..(AgNOj),, :f± jpNOj- + (Aga).-Agy+ 

If, in the preparation of negative silver chloride we use HCl instead of NaCl 
we would obtain the acid form of the complex Hy(AgCl)®Cly. This compound 
is analogous to chlor-auric acid. The complex cyanides of silver are other 
examples of type of comp>ounds, the main difference being that these 
complex ions are soluble. 

The values of x and y will depend upon the excess of either reagent. With 
a large excess of NaCl or AgNC^ the negative or positive charge be strong 
and the crystals will remain small. This means a large surface and a rela¬ 
tively large value of y. 

When negative silver chloride reacts with positive gelatin chloride a double 
displacement takes place, NaCl is formed and the chlor-argentic anion unites 
with the gelatin cation. When positive silver chloride reacts with n^ative 
gelatin, i.e., Na-gelatinate, NaNOs is formed and the chlor-argentic cation 
unites with the gelatin anion. 

THE REACTIONS WITH BARIOM STJLFATE 

The cataphoresis of barium sulfate has been shown in a previous publication 
(6). With equivalent quantities of BaCla and an alkali sulfate a weakly electro¬ 
positive predpitate is formed. This is taken to indicate that the Ba ions are 
more strongly associated in the crystal lattice than the SO4 ions. An excess 
of Ba results in a still more positive predpitate, whereas an excess of SO4 ions 
yields a negative charge. The positive and negative barium sulfate crystals 
may be respectively represented as follows: 

(BaSOO.- (BaSOd*- (SO^r" 

cation complex anion complex 

The accompanying diffusible anions and cations are displaceable and may 
consist of any anions or cations originally present in the solution. 

Barium sulfate reacts with the proteins in the same manner as silver chlo¬ 
ride but the activities of the two salt complexes differ. Silver chloride is 
more active than barium sulfate and each of the two compounds is more 
active in the positive than in the negative condition. This is dearly shown 
m tables 85 and 86. 
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Table 84 shows that cataphoresis of “free” silver chloride. The isoelectric 
point could not be determined because in equivalent proportions of AgNOs and 


TABLE 84 

The AgNOz -h NaCl system (50 cc.) 


AgNOi, 0.1 N 

NaCl, 0.1 N 

FLOCCX7LATION 

pt/SEC. 

1 VOLT/caC. 


After mmog 

Overnight 


cc. 






1.5 

Opal 

+ 

+2.9 



1.9 

Opal 

++ 

+2.5 

.... 

2.0 

1.95 

Opal 

1 


Some + 
Some — 

1 6.3 

2.0 

2.0 

Milky 

++++ ■ 


Some + 
Some — 

1 6.35 


2.05 

Milky 

+++ 

-2.5 

6.4 


2.1 

Opal 

+ 

-3.0 



2.5 

Opal 

0 




TABLE 85 


NaOHonHNOt 

ELOCCULAUOK 

At/ssa 

1 volt/qc. 

pH 

After miangj 

Overnight 

mtlimol 






The (ilgCOx* {AgNOz)y + NorcaseinaJte system (in 50 cc,) 
A: 2 cc. 0.1 N AgNO, (+ HNOj), 

B: 1 cc. 0.1 iV NaCl -|- S mgm. Narcaseinate (+ NaOH). 


0.025 NaOH 

Opal 

+ 

-1.32 

8.2 

O.OIS NaOH 

Slow 

++++ 

-0.89 

7.5 

0.01 NaOH 

Instant 

++++ 

-0.43 

7.2 

0.0 

Slow ^ 

++++ 

+0.61 

6.5 

0.005 HNOs 

Milky 

+++ 


5.8 

0.01 HNOa 

Opal 

0 


4.5 


The (AgCT)x' (ClNa)y + Norcaseinate system (in 50 cc.) 
A: 10 cc. 0.1 N AgNOs. 

B: 15 cc. 0.1 NNaCl 4- 5 mgm. Na-caseinate (NaOH). 


0.01 HNO, 

Opal 

0 


6.0 

0.02 HNOa 

Slow 

++++ 

-1.38 

4.4 

0.03 HNO* 

Rapid 

++++ 

+ slight 

4.0 

0.04 HNO, 

Rapid 

++++ 

+0.38 

3.8 

O.OS HNO, 

Rapid 

++++ 

■^0.61 

3.6 

0.10 HNO, 

Rapid 

++++ 

+0.95 

3.1 


NaCl and in a sli^t excess of the former the particles migrated in opposite 
directions. It seemed as if the larger aggregates were predominantly positive 
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while the smallest were negative. It will be noted that the pH is displaced 
to the acid side by the positive complex and to the alkaline side by the negative 
complex. The same observation was made in the barium sulfate system (6). 
This is explained as follows: In the positive S3retems the diffusible and dis¬ 
placeable anions are partly displaced by the OH ions thus: 

(Agalx- (AgNO,), -1- OH- - H+ ?± 

(AgQ).- (AgOH), + NOr -1- W 


TABLE 86 


HCl 

7LOOCni.AT[OH 

n/ssc. 

1 volt/cm. 

pH 


After mixing 

Overnight 

ittillimol 






The (JBaSOi)t' (BaClijy -f- Na-casemate system (in 50 ce.) 
A: 2cc.0.1iVBaCli(+Ha). 

B; lcc.0.1ArNa4SO4-l-Smgm.Na<asemate. 


0.005 

None 

+ 

-1.68 

6.1 

0.01 

Slow 

+++ 

-0.82 

5.4 

0.0125 

Slow 

++-t- 

•+0.67 

4.5 

0,015 

Slow 

-H-l- 

+1.60 

4.2 

0.02 

None 

-1- 

+2.08 

4.1 

0.025 

None 

+ 

+2.33 

4.0 


The (BaSO^t,-(SOfNai)y + Norcaseinaie system (in 50 ee.) 
A: 10cc.0.1J\rBaCli(-f-HCI). 

B: 15 cc. 0.1 JV NaiSO< + 5 mgm. Na-caseinate. 


0.015 

None 

0 

-2.02 

6.8 

0.02 

Slow 

++ 

-1.89 

6.0 

0.025 ! 

Kapid 

++++ 

= fc0.0 

4.5 

0.03 

Rapid 

+d-f-i- 

-1-0.87 

4.1 

0.035 

Rapid 

++-I-I- 

-bO.87 

4.0 

0.04 

Rapid 

++++ 

-1-1.04 

3.8 

0.05 

Slow 

++++ 

-1-1.21 

3.4 


In the negative systems the diffusible and displaceable cations are partly dis¬ 
placed by the H ions in solution thus: 

(Aga).-(CINa), d- H+ -f- OH- 
(Aga),. (OH), -f- Na+ + OH- 

With neutr^ salts (other than chlorides) the positive complex jdelds an 
exchange alkahnity, whereas an exchange acidity is developed by the negative 
complex. The point of exchange neutrality will, however, vary with the i pni c 
composition of the solution. 

As examples of the reactions between silver chloride and barium sulfate on 
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the one side and the proteins on the other, only the caseinated systems will 
be shown here because the barium sulfate did not flocculate with gelatin as 
did silver chloride. 

It will be noted that the systems in which the silver chloride and barium 
sulfate act as cationic complexes, i.e., are positive, are taken 10 times as dilute 
as the systems in which these compounds act an anionic complexes. Systems 
containing 15 cc. 0.1 N AgNOs to 10 cc. 0.1 iV NaCl and 15 cc. 0.1 BaCl to 
10 cc. 0.1 iV Na 2 SOA together with 5 mgm. casein remained positive at all pH 
values up to 7.2 and 8.6 respectively. The concentrations of the positive 
silver chloride and barium sulfate were therefore reduced to one-tenth of the 
concentrations of the negative suspensions, with the result shown in tables 85 
and 86 . It must be pointed out that the dilution is not the only difference in 
the two pairs of systems since the excess of NaCl and NaaSOi amounts to 5 
cc. 0.1 N while that of AgNOs and BaCl? is only 1 cc. 0.1 N, The negative silver 
chloride and barium suffate complexes were therefore not only more concen¬ 
trated but were also favored by a higher concentration of the activating ions. 

The results were a displacement of the isoelectric pH of 4.8 of ‘‘free’’ casein, 
to about 4.1 by the negative silver chloride, to 4.5 by the negative barium chlo¬ 
ride, to about 6.9 by the positive silver chloride, and to about 4.9 by the positive 
barium chloride. The zones of flocculation were correspondingly displaced. 

This all indicates that silver chloride is more active than barium sulfate. We 
might account for this behavior by saying that the Ag and Cl ions possess a 
stronger power of association than do the Ba and SO 4 ions. The “excess as¬ 
sociation” of Ag or Cl ions on the surface of silver chloride crystals wiU, at a 
given excess of either ion in solution, be greater than the “excess association” 
(i.e. adsorption) of Ba or SO4 ions on the surface of barium sulfate crystals. 

As to the greater activity of the positive than of the negative complexes 
of the two salts, no definite statement can be made, for we might equally well 
explain the behavior by saying that, over the pH range in question, the negative 
protein is less active than the positive protein. 

THE CHEMISTRY OF PRECTPITATES 

The idea that a precipitate represents a definite compound which is chemi¬ 
cally inactive and which can react only through its dissolved phase must be 
rejected. X-ray analysis has shown that the space arrangement within the 
crystal lattice is that of an equidistant position of single ions; no one pair of 
ions can be singled out as a molecular species. This being the case it is only 
rational that the crystal should behave as an ionic species and react with the 
ions and polar molecules in the external medium by virtue of the free fields 
of the surface layer of ions. An ion in the solution which forms a strongly 
associated compound with one of the ions in the oystal will be attracted and 
“adsorbed” by the oystal. This creates a potential difiEerence which becomes 
greater the further tie association or adsorption of the ion proceeds. The 
crystal becomes now an active ion complex with a charge of the same sign as 
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that of the ion associated in excess. Thus an excess of Ag or Cl ions will be¬ 
come associated with the silver chloride crystals when either ion is present in 
excess in the solution. Similarly the Ba or SO 4 ions will associate themselves 
with the barium sulfate crystals. 

The potential of the crystals is thus increased until a critical maxi mu m is 
attained. The critical potential appears to be at about 70 miUivolts or about 
that calculated by von Hevesy (2) for the common single ions. At this po¬ 
tential any oppositely charged ion in the solution will be attracted to the crys¬ 
tal lattice no matter how high the dissociation constant of the compound in 
the free state. Thus the chlor-argentic cation complex (AgCl)a‘Agv+ will 
attract the NOs ions to form the complex (AgCl)»'Agv+‘(N 03 )i^* with z posi¬ 
tive charges, where % represents the number of charges at the critical potential. 
The ion complex is so highly multivalent that the potential would attain enor¬ 
mous magnitudes if all the diffusible ions dissociated. This is apparently why 
the saloids (compounds between ionic complexes and single diffusible ions) 
undergo only a limited dissociation (7) as compared to ordinary salts which 
can imdergo complete dissociation since their ions possess only one or two 
charges and therefore never exceed the critical potential. (The smaller ions are, 
as we assume, stabilized by the attraction of water molecules, i.e., hydration.) 

When the potential of the ionic complexes approaches a maximum a further 
increase is retarded not only by the attraction of the otherwise easily dissociated 
diffusible ions but also by an attraction of the polar water molecules. The 
hydration, i.e., the electrically attracted water, is greater the higher the 
potential. 

The magnitude of the charge and the hydration accounts for the high degree 
of dispersion of strongly positive or negative precipitates. The oriented layer 
of water molecules may be assumed to inhibit the growth of the crystals and 
the charge may conceivably affect the growth as explained in section III (9). 
Since the free energy of the system must strive toward a minimum it is obvious 
that the total surface for the distribution of the charge must tend to remain large 
whenever one ion is associated in excess of an oppositely charged ion. Accord¬ 
ing to the views presented in section III very small particles having a great 
curvature will accomodate per unit surface, at a given potential, more ions 
than larger particles. Crystals or colloidal particles which are strongly 
positive or negative attain accordingly only submicroscopic dimensions. 

The hi^y charged ion complex, whether crystalline or amorphous particles, 
will actively combine with ions or other ion complexes of opposite charge with 
which non-dissociated complex is formed. The original diarge may then be 
completely neutralized or there may be a change in charge depending upon the 
quantity or activity of the added substance. The reaction must be looked 
upon as a double displacement, but a stoichiometrical relationship must be 
accidental and in most cases highly improbable. Cation must, however, 
displace cation, and anion must displace anion in equivalent quantities in 
order to m ai ntain electroneutrality of the micelle as a unit. 
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THE EUNCnON OE THE PROTEINS IN THE SOIL 

There can be no doubt that the proteins enter into the make-up of the soil 
colloidal complex, combining with the basic and acidic constituents according 
to the pH of the soil solution. But the reactions in the soil are so complex 
that a discussion of this subject must be postponed until a comprehensive study 
in this direction has been made of the different horizons of the various soil 
profiles. Such work is now in progress at the New Jersey Agricultural Experi¬ 
ment Station. The preceding study of simple ^sterns must be looked upon 
as a necessary forerunner to the study of more complicated systems such as 
those of the various types of the natural soils. 

The behavior of the proteins may account for the high nitrogen content 
in humus and in the B horizons of soils. Proteins, coagulated in the form of 
various complexes such as those here studied, may be more resistant to decom¬ 
position just as leather, which may be looked upon as “protein tannate,” is 
highly resistant. The use of aluminum salts as “tanning^* agents indicates a 
similar resistance of the aluminum “proteinates.” In this connection it is 
of interest to note that the “silicate of gelatin’’ prepared by Thomas Graham 
(1) containing 100 parts of silidc add to about 92 of gelatin “does not putrify 
in the humid state.” 


SUMMARY 

This paper deals with the electrokinetic and chemical behavior of aluminum- 
and ferric-“proteinates” and of protem-“huinates,” “bentonates,” and “sili¬ 
cates.” The proteins studied indude albumin, casein, edestin, and gelatin. 

The complex formation between the proteins on the one side and the positive 
and negative silver chloride and barium sulfate on the other has also been 
studied and discussed. 

The fundamental prindples previously established in the case of the sili- 
cated, phosphated, and humated compounds of the sesquioxides were found to 
apply to aU the complexes herein described and have thus been generalized. 
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NEWS NOTES 


The Chilean Nitrate of Soda Nitrogen Research Award of $1,000 was this 
year divided equally between Dr. W. H. Pierre of the department of agronomy 
of the University of West Virginia and Dr. Hans Jenny of the department of 
soils of the University of Missouri. This award has as its object recognition 
and encouragement of research on any of the diverse aspects of the rdle of 
nitrogen in economic crop production. It is administered by a standing com¬ 
mittee of the American Society of Agronomy. 

The award to Dr. Pierre was made in recognition of his work on the effect 
of the various nitrogenous fertilizers on soil reaction. His work has clearly 
shown that the continued use of (NH 4 ) 2 S 04 on light, poorly buffered soils will 
develop within a few years a degree of acidity which is distinctly harmful to 
many crops. S im i la r effects are not obtained with the other common nitrogen 
fertilizers. By supplementing (NH 4 ) 2 S 04 with sufficient lime, satisfactory 
results may be obtained. 

The award to Dr. Jenny was made in recognition of his work on the effect 
of climate on the nitrogen content of soils. By a careful correlation of climatic 
data and of the thousands of nitrogen determinations made on the soils of 
America, Dr. Jenny has been able to develop an equation of state which diows 
the general relationship existing between the stable nitrogen content of soils 
and temperature and rainfall, which are the principal climatic factors 
affecting it. 

In addition to the cash awards, the winners were presented with an appro¬ 
priate certificate by the American Society of Agronomy. 


Members of the International Society of Soil Science are urgently requested 
to send payments for their 1932 dues at once to Dr. A. G. McCall, Room 125 
East Wing, U. S. Department of Agriculture, Washington, D, C. Early in 
1932 all mailing lists for publications will be closed and only those members 
whose payments for dues have reached the office of the general secretary 
abroad by that time, will be enabled to receive without charge, the Journal and 
Soil Research as well as volume A of the Proceedings of the Sixth Commission 
meeting at Groningen, 1932. You cannot afford to miss the opportunity to 
obtain the Transactions of the Second Congress held in Russia, at the special 
price accorded to members. So please send your remittance promptly. 
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ELECTROKINETICS AND BASE-EXCHANGE CAPACITY OF SOME 
INORGANIC COLLOIDS 
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Working with series of isoelectric precipitates of phosphates, silicates, and 
humates of iron and aluminum, Mattson (4) has embodied the behavior of 
these substances in the generalized statement, ^The adsorption and exchange of 
cations, at pH 7.0, by soil colloids, in the same state of aggregation, increases 
with the increasing ratio of the acidoid to the ampholj^oid constituents of the 
colloid.'’ The members of these series of colloids, in which the ratio of humate, 
phosphate, or silicate, to iron and aluminum is greatest, are isoelectric at 
lowest pH, and have the largest exchange capacity. The seat of this capacity 
for adsorption and exchange of cations, at favorable pH ranges, lies in the free 
valences of the partially linked-up, yet stably combined anions. 

In this work a series of isoelectric precipitates of ‘‘ferric ferrocyanide” and 
“sulfide of tin", and electronegative “sulfides" of antimony, bismuth, and 
arsenic, were prepared and their base-exchange capacities investigated. 

In finding the isoelectric point of the various floes, definite volumes of solu¬ 
tions A and B were measured, one into a large pyrex test tube, the other into a 
beaker. When required, HCl or NaOH was respectively added to the acid A, 
or alkaline B solutions, to give a range of pH values in the mixtures. Var 3 dng 
amounts of water were also added, so that the final volume of the mixtures of 
the same series was identical. The mixing was done by rapidly pouring one 
solution into the other, then back and forth between the vessels, and finally into 
the test tube, which was then stoppered* The flocculation immediately after 
the solutions were mixed, and after standing overnight, is recorded in the 
tables. The latter data is represented by crosses; x signifies slight, jwx more 
complete, xxx almost complete, and xxxx complete flocculation. The pH 
was'determined colorimetricaUy, 

After standing overnight the tubes were shaken and cataphoretic measure¬ 
ments were made as described elsewhere (1). 

A series of ferric ferrocyanide was prepared in which the equivalent ratios of 
the ferric and ferrocyanide constituents were: IS: 2,15:5, IS: 10, IS: 15, IS:20. 
By varying the pH in these series, an isoelectric compound in all but the latter 

1 This work was performed during a short visit by N. H. Parbery to New Jersey Agricul¬ 
tural Experiment Station. Journal Series paper of the New Jersey Agricultural Experiment 
Station, Department of Soil Chemistry and Bacteriology, 
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ratio was found. Details of this procedure together with flocculation effects, 
cataphoretic measurements, and pH measurements are given in systems 1—5. 

It has been shown (2) that the isoelectric point of ferric hydroxide is at pH 
7.1 —at or below this pH, the capacity of this compound for absorbing bases is 
negligible. 

The introduction of a small amount of ferrocyanide ion into ferric hydroxide 
by displacement of some of the hydroxyl ion, has a marked effect in displacing 
the isoelectric pH of the new compound, from that of ferric hydroxide. In 
system 1 it will be seen that the isoelectric point is at pH 4.7. In system 2, the 
compoimd produced by the displacement of more hydroxyl ion by ferrocyanide 
is isoelectric at pH 4.3, and in system 3 at pH 3.9. Ferric ferrocyanide behaves 
then, in similar manner to the previously mentioned colloids in that, with 
increasing ratio of ferrocyanide to iron, the pH at the isoelectric point becomes 
progressively lower. The series in which stannous hydroxide is increasingly 
saturated with sulfide sulfur, exhibits this feature in a still more decided 
fashion. Both the isoelectric ferrocyanides of iron and the isoelectric sulfides 
of tin form natural series in which the various factors and functions vary in an 
ascending or descending order. 

System 4 containing equivalent proportions of each constituent is isoelectric 
at pH 4.4 which is higher than that of system 3. The cause of this reversal, if 
real, has not been determined. It will be noted that instant flocculation begins 
in system 4 at a lower pH than in systems 3<2< 1. The descending order in 
respect to flocculation is therefore intact. 

In system 5 no isoelectric point was found. Even at very low pH there was 
no flocculation, and feldspar particles suspended in the solutions were nega¬ 
tively charged. Although the ferrocyanide ion was stoichiometricaUy in excess 
of the ferric ion no ferrocyanide remained in solution when the flocculation was 
forced by the addition of CaCk. The flocculated electronegative complex con¬ 
tained no Cl ions whereas all the isoelectrically flocculated ferric ferrocyanide 
complexes contained appreciable quantities of Cl. The electronegative com¬ 
plex in S 3 rstem 5 might tiierefore be represented by formula {A). The Cl ions 
are here all displaced by the ferrocyanide and at low pH the OH ions, being 
greatly suppressed in the solution, would offer no cofiipetition and be practi¬ 
cally absent in the complex. This complex must therefore remain electro¬ 
negative in the first place, because of the absence of dissociable anions (e.g., Cl 
ions) and in the second place because of the presence of a great ntimber of 
dissociable cations which exist in combination with the ‘‘free” valences of the 
ferrocyanide. 

The other ferric-ferrocyanide complexes which all exhibit an amphoteric be¬ 
havior, i.e., possess an isoelectric point, may all be represented in a general way 
by formulas (B, C, and D). These complexes contain OH and Cl as well as 
ferrocyanide anions. To account for the strong negative charge at the higher 
pH andfor the cation exchange capacity (table 1 b) we must assume the existence 
of “free” ferrocyanide valences which exist in combination with dissociable and 
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displaceable cations. These complexes represent therefore partly hydrolyzed 
salts. Since the products of the partial hydrolysis are nondijffusible and remain 
in the complex, the latter contains both an acid and a basic residue. In other 
words the complex constitutes an amphoteric coUoid (S). 


Fe 5s Fe Cy — H 
FesFeCy-H 
Fe BB Fe Cy - H 
Fe SB Fe Cy - H 
Fe SB Fe Cy — H 
(A) negative complex 


Cl -Fe*FeCy-H 

/ 

Fe»FeCy-H 

/ 

OH-Fe 

\ 

Fe-FeCy-H 

\ 

OH - Fe = Fe Cy - H 

(J?) amphoteric complex low 
isoelectric pH 



e Cy ~ H 


(C) amphoteric complex inter¬ 
mediate isoelectric pH 


(Z>) amphoteric complex high 
isoelectric pH 


Whenever the dissociable anion (i,e., Cl) is displaced by a non-dissociable or 
non-diffusible anion the isoelectric pH must be displaced to the acid side: (a) 
because the dissociation of the basic group of the complex is thereby suppressed 
until, at a lower pH, a suflicient additional number of the OH ions of the basoid 
are displaced by dissociable anions, and (6) if the displacing anion is di- or poly¬ 
valent it wiU, if it forms a weak acid, only partly link itself to the basoid group, 
one or more of its valences remaining in combination with hydrogen or other 
dissociable cations. The result is a new amphoteric complex possessing: a 
stronger acid group, a weaker basic group, a lower isoelectric pH, a higher 
cation exchange capacity at a given pH on the alkaline side, and a lower anion 
exchange capacity at a given pH on the acid side of the isoelectric point. 


STANNOUS SULFIDE 

In system 6 it wiU be seen that the isoelectric point of stannous hydroxide, 
when formed from stannous chloride, is at pH 6.6, 
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A series of isoelectric sulfides was prepared in wliicli there was a progressive 
saturation of the oxychloride of tin with sulfide sulfur. As saturation with 
sulfide sulfur becomes more complete, the isoelectric points of the members of 
the series are at increasingly low pH values. Unlike the ferrocyanide com¬ 
plexes, which possess a stronger acid residue and are isoelectric at low pH, 
sufficient dissociable Cl enters the stannous ox}^sulfide complex, when one- 
fifth saturated with sulfide sulfur, and renders it isoelectric at pH 6.2. When 
fully “saturated” with sulfide, stannous sulfide is isoelectric at pH 3.2. 


TABLE 1 

FeCh + NaJiFe{CN)^sy$tem 1 


A. 7.5 m.e. FeCls per liter. 

B. 1.0 m.e. Na 4 [Fe(CN)«] per liter. 


SOLXmONA 

801.TTIIOI7 B, 

20 CC. + NaOH 
(1 cc. - 0.02 
JLB. NaOH)* 

FLOCCCIATION 



pH 

On mixing 


ee, 

20 

20 

20 

20 

cc. 

1.5 

2.0 

3.0 

4.0 

Deep blue, none 

Blue, none 

Purplish blue, none 
Purple, none 

None 

None 

None 

XXX 

j 

-f2.16 

<3.0 


5.0 

Mauve, none 

xxxx 

+1.51 

<3.0 

20 

5.25 

Brown-mauve, none 

xxxx 

+1.44 

3.4 


5.50 

Brown-mauve, none 

TTXTTZ 

+1.26 

3.8 

20 

5.75 

Mauve-brown, slow 

xxxx 

+1.21 

4.1 

20 

5.88 

Mauve-brown, rapid 

xxxx 

+0.87 

4.4 

20 

6.0 

Mauve-brown, instant 

xxxx 

+0.67 

4.5 

20 

^ 6.13 

Mauve-brown, instant 

xxxx 

+0.10 

4.6 

20 

6.18 

Mauve-brown, instant 

xxxx 

±0.0 

4.7 

20 

6.25 

hlauve-brown, instant 

xxxx 

^0.15 

4.8 

20 

6.50 

1 Brown, instant 

xxxx 

-1.51 

6.0 

20 

7.0 

Brown, none 


-2.52 

7.0 


* Plus water to give tlie mixture a total volume of 50 cc. 

T 1 . . - . /7.5 m.e. FeCU per liter. 

Isoelectnc mixture: m.e.Na 4 [Fe(CN),] + 6.18 m.e. NaOHin 1,500 cc. 

pH 4.7. 

Fe and Fe(CN)« in solution, nil. 

Composition of floe: Fe4(OH)io.268 [Fe(CN)elo.4 Clo-m. 

In these formulas no allowance is made for the add and basic residues resulting from 
hydrolysis as indicated in formulas (B, C, and 2?). 


When sodium sulfide was added in excess of equivalent proportions to stan¬ 
nous chloride, flocculation did not result and acidification was necessary to 
bring it about. No isoelectric point of this compound was found. This is 
because in acid solution, and in the presence of excess sulfide ions, the anion 
adsorption capacity of the floe is satisfied by sulfide ions, to the exclusion of 
dissociable chloride ions. Thus an isoelectric or electropositive compound, 
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TABLE 2 


FeCh + iVa4[Fe(Ci\06l —system Z 


A. 7.5 m.e. FeCU per liter. 

B. 2.5 m.e. Na4[Fe(CN)6] per liter. 


SOLXmON A 

SOLTJTION B, 

20cc. + NaOH 
(1 cc.« 0.02 
icjs. NaOH) 

PIOCCULATION 


m/SEC- 

1 volt/cjl 

pH 

Onmiziog 

Overnight 


cc, 

2.5 

Blue, none 

ww 

+1.59 

<3.0 


3.0 

Blue, none 

XXXX 

+1.47 

3.0 

BH 

3.5 

Blue, none 

xxxx 

+1.21 

3.2 

mSm 

4.0 

Blue, slow 

xxxx 

+0.86 

3.6 

mSm 

4.5 

Blue, instant 

xxxx 

+0.20 

4.1 

mSm 

4.6 

Blue, instant 

xxsx 

±0.0 

4.3 

BH 

5.0 

Greenish blue, instant 

xxxx 

-1.26 

4.8 

BH 

5.5 

Bluish green, none 

None 


... 


6.0 

Blue-gray, none 

None 

b|M|H 

... 

BH 

6.5 

Gray-mauve, none 

None 


... 

BH 

7.0 

Gray-brown, none 

XX 

HHI 

... 


Isoelectric mixture: 


/7.5 m.e. FeCla per liter. 
12,5 


t,5 m.e. NauffeCCN) J -f 4.6 m.e. NaOH in 1,500 cc. 
pH 4.3. 

Fe and Fe(CN)e in solution, nil. 

Composition of floe; Fe 4 (OH) 7 .M[Fe(CN) 6 ]i.o Clo.i«. 


TABLE 3 

FeCh -f- iV'<*4[Fe(Ci\0 «]—system 3 

A. 7.5 m.e. FeCU per liter. 

B. 5.0 m,e. Na*[Fe(CN)6] per liter. 


SOLUTION A 

SOLUTZOK B, 

20 cc. + NaOH 
(1 cc. - 0.01 
BCJS. NaOH) 

PIOCCCLATIOK 

/t/SEC. 

1 volt/cil 

pH 

On mixing 

Ovemi^t 

CC, 

20 

cc, 

6.0 

Blue, none 

None 



20 

5.0 

Blue, very slow 

TravT 

-l.Sl 

5.0 

20 

4.8 

Blue, instant 

Ticrjt 

-1.21 

4.6 

20 

4.6 

Blue, instant 

XXXX 

-0.89 

4.5 

20 

4.4 

Blue, instant 

xxxx 

-0.61 

4.3 

20 

4.2 

Blue, instant 


-0.41 

4.2 

20 

4.0 

Blue, instant 

xxxx 

-0.22 

4.1 

20 

3.8 

Blue, instant 

xxxx 

— slight 

4.0 

20 

3.6 

Blue, instant 

3Qrxx 

±0.0 

3.9 

20 

3.4 

Blue, instant 

xxxx 


3.8 

20 

3.2 

Blue, instant 

xxxx 

+0.19 

3.7 

20 

3.0 

Blue, instant 

xxxx 

+0.30 

3.6 


Isoelectric nuxture: (« xr htt • i 

1^5.0 m.e. Na 4 lFe(CN) 6 ] -f 1.8 m.e. NaOH m 1,500 cc- 

pH3.9. 

Fe and FeCCN)® in solution, nil. 

Composition of floe: Fe4(OH)8.6[Fe(CN)«]2,o Clo«. 
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except perhaps in very strongly acid solution, coxild not be obtained. The 
following formula illustrates the probable structure of this sulfide. 

Sn = S 


/S«~S-H 
- S - H 


S»-S 

In preparing the series of sulfides, the amount of stannous chloride was kept 
constant, and varying amounts of sodium sulfide (plus varying amounts of 


TABLE 4 

FeCh + Nai[PeiCN)f^'—system 4 


A. 7.5 m.e. FeCU per liter. 

B. 7.5 m.e.Na 4 [Fe(CN) 6 ] per liter. 


SOLimON A 

SOLUTION B, 

20cc. + NaOH 
(1 cc. * 0.02 
MS. NaOH) 

PLOCCULAHON 

m/sec. 

1 voit/cm. 

pH 

On mbdng 

Overnight 

cc. 

cc. 





20 

7 

Light brown, none 

None 


• • • 

20 

5 

Green, none 

None 


.. • 

20 

1 

Greenish blue, none 

None 


... 

SOLTinOK k. 
20CC. + HCI 
(ICC. - 0.01 
mjlHO) 

SOLUTION B 





cc. 

CC. 





0.2 

20 

Blue, none 

vvw 

-1.51 

5.2 

0.4 

20 

Blue, veiy slow 

XXXX 

-1.21 

4.6 

0.6 

20 

Blue, very slow 

xxxx 

±0.0 

4.4 

0.8 

20 

Blue, very slow 

TTTgT 

4*0.15 

4.2 


20 

Blue, slow 

xxxy 

+0.17 

4.1 

1.4 

20 

Blue, instant 

1 XXXX 


3.9 

1.6 

20 

Blue, instant 

xxxx 


3.8 

1.8 

20 

Blue, rapid 

xxxx 

+0.17 

.. • 

5.0 

20 

Blue, slow 

xxxx 


<3.0 


7.5 m.e. FeCls per liter, 

7.5 in.e. Na4[Fe(CN)6] + 0.3 in.e. HCl in 1,500 cc. 
pH 4.4, 

Fe and Fe(CN) 8 in solution, nil. 

Composition of floe: Fe4[Fe(CN)8]8 Cla.iig. 


Isoelectric mixture 


■{ 


HCl or NaOH to give pH ranges for each compound) were added, so as to give 
ratios of tin and sulfide, expressed on a milliequivalent basis of 5:1, 5:2,5:3, 
5:4,5:5,5:6. 

As already stated, the last-mentioned ratio was the only one in which an 
isoelectric point was not found. 
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TABLE 5 

FeCh + NaiFe{CN)^]—system 5 


A. 7.5 in.e. FeCla per liter. 

B. 10.0 m.e. Na 4 [Fe(CN) 6 ] per liter. 


SOLTJTION A, 

20 CC. + HCl 
(1 CC. *« 0.01 

Its. HCl) 

SOLUTION D 

ITLOCCUIATION 

/x/sEa 

1 volt/cm. 

pH 


Onxnisng 

Ovemight 

ec. 

ec. 





2 

20 

Blue, none 

None 



4 

20 

Blue, none 

None 



6 

20 

Blue, none 

None 



8 

20 

Deeper blue, none 

None* 



10 

20 

Deeper blue, none 

Nonet 



SOLimOlf A, 

20 CC. + HCl 
(1 CC. — 0.10 
M.B.HC1) 






CC. 

2 

20 

Deeper blue, none 

None 



3 

20 

Deeper blue, none 

None 



10 

20 

Deepest blue, none 

None 


<3.0 


* When flocculated with CaCl 2 , floe negatively charged, 
t Feldspar particles suspended in solution were negatively charged. 

There is neither isoelectric point nor flocculation even at very low pH. 

Complete flocculation of mixture at low pH was effected with CaCh, and no Fe or Fe(CN)6 
remained in solution. 


TABLE 6 

SnCh + NaOH—system 6 

A. 8.0 m.e. SnCl? per liter. 


SOLUTION A 

NaOH IN 25 CC. 
(1 CC. NaOH 
» 0.0251C.S.; 




On tniring 

Overnight 

ec. 

CC. 





25 

9.0 

Slight Opalescence, none 

None 


<4.0 

25 

10.05 

Opalescence, none 

X 

+1.51 

5.5 

25 

10.2 

Slow 

xxxx 

+1.73 

6.3 

25 

10.3 

Instant 

XX AX 

i +1.44 

6.4 

25 

10.4 

Instant 

XXXX 

+1.01 

6.5 

25 

10.6 

Opalescence, none 

X 

-0.92 

6.7 

25 

11.0 

Slight opalescence, none 

X 

-0.93 

6.9 

25 

14.0 

None 

None 


>8.0 


- , . . /S m.e. SnCl* per liter. 

Isoelectnc mixture: ^ -r xt Att i-* 

{ 10.5 m.e. NaOH per liter. 

pH 6.6. 
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The amount of chlorine adsorbed by the compounds at their isoelectric points 
was not determined, but from analogy with the behavior of ferric ferrocyamde, 
the lower the pH at the isoelectric point of the compound the greater will be the 
amount of chlorine adsorbed. 

The following formulae illustrate chlorine adsorption. 

The first represents stannous hydroxide, isoelectric at high pH, and therefore 
adsorbing a small amount of chlorine, and the second, stannous hydroxide 
partly saturated with sulfide ion, isoelectric at lower pH, and adsorbing more 
chlorine. 


a-Sn-OH (i;) OH-Sn-S-H (F) 

< H a - Sn - OH 

H a-Sn-S~H 

Staimous hydroxide, or stannous oxychloride, and the various sulfides as pre¬ 
pared, flocculated only over a comparatively narrow pH range. These com¬ 
pounds are dispersed on the acid and alkaline side of the isoelectric point. At 
the isoelectric point some of the higher ratio sulfides behave in unstable 
fashion, and the passage of electric current for a very short period will cause the 
particles to assume various charges. It is conceivable that a colloidal particle, 
partially saturated with sodium at the moment the current passes through the 
cataphoresis tube, undergoes electrolysis and becomes hydrogen-saturated, 
with an accompanying change of pH and charge. 


ARSENIOTTS SULFIDE 

Arsenious sulfide has long been quoted as a classical example of a negative 
colloid. 

Following the methods for the preparation of ferrocyanide series, an attempt 
was made to prepare a natural series in which there would be an increasing 
saturation of arsenious oxide with sulfide sulfur. 

Definite quantities of a solution of sodium sulfide (standardized with respect 
to sulfide sulfur) containing 200 m.e. sulfide sulfur per liter, and a solution of 
arsenious oxide containing 400 m.e. AS 2 O 8 and 400 m.e. HCl per liter, were 
mixed and made up to 1 liter. The ratios of sulfur to AsaOs on a milliequiva- 
lent basis were: 30:25,25:25, 20:25,15:25, 25:25, 10:50. 

In the first two mixtures flocculation was incomplete and acidification was 
necessary for complete precipitation. A solution of a sodium polysulfide, the 
composition of which approximated NasSa was standardized with respect to 
sulfide sulfur, and mixtures were made in liter volumes in which the ratios were 
30 m.e. sulfide sulfur: 25 m.e. As20s, 30:30, and 10:30. Again in the two 
highest ratios acidification was necessary for complete precipitation. 

In all mixtures except the two cases where sulfide was in excess of arsenic, the 
precipitation of sulfide was complete—^it combined with nearly an equivalent 
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TABLE 7 

SnCh H- N(hS—systefn 7 


A. 8 m.e. SnCla per liter. 

B. 1.6 m.e. NaaS per liter. 


SOLUTION A 

SOLUTION B, 

25 cc. + NaOH 
(1 cc. - 0.025 
10 :. NaOH)* 

PLOCCULATION 

m/cm. 

1 VOLT/CJI. 

pH 

On miTiTig 

Overnight 

CC, 

cc. 





25 

7.0 

None 

None 



25 

8.6 

Slow 

Tnrrx 

4-0.61 

6.8 

, 25 

8.8 

Instant 

VTyr 

±0.0 

6.2 

- 25 

9.0 

Instant 

Z22SX 

-0.15 

7.4 

* 25 

9.4 

Slow 

Tnnrsr 

-0.24 

6.7 

; 25 

9.5 

Very slow 

Opalescent 

-1.04 

6.8 

25 

- 

9.6 

None 

None 


6.9 


^ Plus water to give the mixture a total volume of 60 cc. 

\ -- 4 . f8m.e. SnCla per liter. 

Isoelectncmixture: , tvt cT i o <» -nt 

^1.6 m.e. NaaS -1- 8.8 m.e. NaOH m 1,400 cc. 

pH 6.2. 

* Tin and sulhde in solution, nil. 

tomposition of floe: Sn(OH)i.&-« So.a Clx. 

5^1 these formulas no allowance is made for the free acid residue which undoubtedly exists, 
as indicated by formula ip ). 


TABLE 8 


^ SnCh + Na%S—system 8 

8 m,e. SnCla per liter, 

]^. 3.2 m.e. NaaS per liter. 


SOLUTION A 

SOLUTION B, 

25 CC. + NaOH 
(1 cc. - 0.025 
M.E, NaOH) 

FLOCCULATION 

ll/SZC, 

1 volt / oi . 

pH 

On 'niiTiTig 

Overnight 

CC, 

cc. 





25 

5.0 

None 

None 


... 

25 

7.2 

Instant 

XXaX 

4-0.61 

5.8 

’ 25 

7.3 

Instant 

ynnr 

4-0.38 

6.1 

25 

7.35 

Instant 

XXXX 

±0.0 

6.2 

25 

7.4 

Instant 

XXXX 

-0.76 

6.2 

25 

7.5 

Instant 

XXXX 


6.4 

25 

8.0 

None 

None 


... 


T , /8 m.e. SnCla per liter. 

Isodectnc imxture: ^3 3 ^ ^ ^ ^ 33 ^ 

pH 6.2. 

Tin and sulfide in solution, niL 


Composition of floe: Sn(OH)i.a^ So,4 Clx. 
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amount of AS 2 O 3 and an approximate stoichiometric AS 2 S 3 was formed. Where 
arsenic was in excess, nearly the estimated excess remained in solution. 

TABLE 9 

SnCk + NosJS^system 9 


A. 8.0 m.e. SnCls per liter. 

B. 4.8 m.e.NaaS per liter. 


SOLtmONA 

SOLUTZON B. 

25 CC. + NaOH 
(1 cc. - 0.025 
icjt. NaOH) 

rLOCCOIATION 

ai/sec. 

1 voit/cm. 

pH 

On wiiyiTig 

Overnight 

cc. 

cc. 





25 

3.0 

None 

None 


... 

25 

5.3 

Instant 

xxzx 


4.6 

25 

5.4 

Instant 

xxxz 


5.2 

25 

5.5 

Instant 

xxxz 


5.4 

25 

5.6 

Instant 

TTTT 


5.6 

25 

6.5 

None 

None 


... 


T 1 fS.O in.e. SnCla per liter. 

Isoelectnc mixture: g ^ ^ ^ 

pH 5.2. 

Tin and sulfide in solution, nil. 


Composition of fioc: Sn(OH)o.8-xSo.8 Clx. 


TABLE 10 


SnCh. + Na^—system 10 


A. 8.0 m.e. SnClj i>er liter. 

B, 6,4 m.e. Na 2 S per liter. 


SOLimONA 

SOLUTION B, 25 

oa+NaOH (Icc. 

BLOCCULATION 

a*/sec. 

1 VOLX/CBf, 

pH 

» 0.025 uj£. 
NaOH) 

Onmhdng I 

Overnight 

cc. 

cc. 





25 

2.0 

Instant 

xxzx 

+0.76 

• • m 

25 

3.65 

Instant 

xxxs 

+0.38 

4.0 

25 

3.70 

Instant 

xszx 

+0.30 

4.1 

25 

3.75 

Instant 

XXKX 

=fc0.0* 

4.3 

25 

3.8 

Instant 


! —slight 

4.4 

25 

4.0 

Instant 


1 -0.60 

4.6 


* Particles behave indefinitely, becoming variously charged as a result of electrolysis. 

Isoelectric mixture: ^ 

(6.4 m.e. Na 3 S + 3.75 m.e. NaOH in 1,400 cc. 
pH 4.3. 

Tin and sulfide in solution, nil. 

Composition of floe; Sn(OH)o.4^So.8 Clx. 


The composition of sulfides of arsenic approaches more closely a stoichiometric 
relationdnp in the less acid mixtures. The fact that in the most acid solutions 
the composition departs farthest from theoretical proportions, can be explained 
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by the fact that, apart from solubility effects, there would be a greater tend¬ 
ency in the more acid solutions for adsorption by the compounds of sulfide 
anion. Thus arsenious sulfide itself adsorbs sulfide ions in acid solution and so 
an excess of sulfide appears to combine with its equivalent of As20s. Cata- 
phoretic studies were made of all the sulfides, and without exception, even at 
low pH, they were strongly electronegative. The excess of HCl in the more 


TABLE 11 


SnCh + iV'ojS —system 11 


A. 8 m.e. SnCb per liter. 

B. 8 m.e. NaaS per liter. 


SOLUTION A 

SOLUTION B, 25 
CC. NaOH (1 cc. 
0.025 NJ£. 
NaOH) 

BLOCCULATION 

u/S£C. 

1 VOLT/CM. 

pH 

Onmizing 

Overnight 

ec. 

cc. 





25 

0.4 

Instant 


+0.20 

3.0 

25 

0.5 

Instant 


drO.O 

3.2 

25 


Instant 


-0.28 

... 

25 


Instant 


-0.40 

• • • 

25 

3.0 

None 

None 


4.4 


Isoelectric mixture: 


8 m.e. SnCla per liter. 

8 m.e. NaaS + 0.5 m.e. NaOH in 1,400 cc. 


TABLE 12 



acid mixtures interfered with cataphoretic determinations, and dilutions had to 
be made. 

Suspensions of arsenious oxide in water are electronegative. In dilute HCl 
it is also electronegative, though it was thought that the momentary attach¬ 
ment of chloride ions to the As 20 s particle during its solution, and the conse¬ 
quent dissociation of chloride ions (As 2 "*'Q 2 Cl + Cl~) might render the com¬ 
pound positive. It appears, however, that the attachment of the chloride ion 
results in an immediately soluble product. The oxide in water is addic and 
dissociates diffusible cations, and so renders the oxide electronegative. 
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Ha A. Os + H+ 

Arsenic appears to be too acidic (like phosphorus) to exist as a colloidal cation 
such as iron, tin, antimony, and other distinctly metallic elements. 

ANTIMONY SULFIDE 

In the case of the metals iron and tin, the oxychlorides are isoelectric at pH 
7.1 and 6.6 respectively. The oxychloride of antimony is isoelectric at pH S.6, 


TABLE 13 

SbCh + NaOS—system 12 

A. 2,000 m.e. SbCls per liter. 


SOLUTION A (1 CC. 
- 2.0 MJB. SbCL) 

NaOH (1 cc. *■ 
0.2 1 C £. NaOH) 
MADS TIP TO 399 

ca 

IXOCCITLATION 

m/ssc 

1 volt/cm. 

pH 

On musing 

Overnight 

CC. 

cc. 





1 

25.90 

Instant 

xssx 

+1.01 

4.3 

1 

25.95 

Instant 

3CXXX 

+0.82 

4.8 

1 

26.00 

Instant 

sxxx 

+0.64 

5.4 

1 

26.05 

Instant 

3XXX 

±0.0 

5.6 

1 

26.30 

Instant 

2CSXX 

-1.01 

5.8 

1 

26.80 

Instant 

xxxx 

[ -1,01 

6.4 

1 

26.90 

Instant 

xxxx 

-0.92 

6.8 

1 

27,00 

Instant 

yyyy 

-0.76 

7.0 

1 

27.30 

Instant 

XXXK 

-1.01 

7.2 


Isoelectric mixture: 2 m,e. SbCls + 5.21 m.e. NaOH in 600 cc. pH 5.6. 


TABLE 14 

ShCh + —system 13 


A. 2,000 m,e. SbCls per liter. 

B. 1.6 m.e. NajS per liter. 


SOLT7TZON A 
(1 CC. — 2.0 MJB. 

SbCli) 

NaOH (1 ca ■■ 0.2 
M.E_NaOH} ADDED 

FLOCCULATION 

m/sec. 

1 volt/cu. 

pH 

B, AND DILUTED TO 

599 ca 

On miTitig 

Overnight 

CC. 

cc. < 





1 

20.0 

Instant 


-2.33 

<3,0 

1 

21.2 

Instant 

XXXX 


<3.0 

1 

22.8 

Instant 

XXXX 

-2.53 

3.4 

1 

23.0 

Instant 

xxxx 

-2.43 

3.6 

1 

23.2 

Instant 

xxxx 

-1.38 

3.8 

1 

23.4 

Instant 

xxxx 

-2.02 

4.0 


No isoelectric point was found even at low pH. 


and differs from that of iron and tin in that it contains much more at 

the isoelectric point, and its chlorine is in a much more rigidly associated con¬ 
dition. It 'will be seen that despite the high chlorine content of ■the oxychloride 
of antimony, a comparatively low pH is necessary for the complex to yield dis- 
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sociable chloride ions. Difficulty was experienced with solutions of SbCls, 
which can only be kept molecularly dispersed in strong HCl solutions. An 
aqueous solution containing 8 m.e. SbCU per liter could not be made up and it 
was necessary to make up a solution containing 2,000 m.e. SbCU per liter, take 
1 cc. of this solution on a watch glass and plunge it into a large volume of water 
+ NaOH, or NaOH + Na^S, in the preparation of the series, to prevent its 
premature hydrolysis. 

A natural series of isoelectric sulfides of antimony, as prepared in the case of 
tin, cannot be prepared. 

Compounds were prepared in which the ratios of antimony to sulfide sulfur 
on a milliequivalent basis were: 5:1, S:2, 5:3. All these compounds were 
electronegative in the pH ranges examined. They could not be examined in 
very acid solutions because the evolution of gas at the electrodes prevented 
cataphoretic measurements. 


TABLE IS 

BiCk + NaOH—system 14 

A. 2,000 m.e. BiCh per liter. 


SOLUTION A (1 CC. 
B 2.0 H.X. SdQs) 

NaOH (1 cc. B 
0.2 M.E. NaOH) 
IN 599 cc. SOLU¬ 
TION 

yLOCCOLAUON 

/t/SEC. 

1 volt/ck. 

pH 

On mixing 

Overnight 

CC, 

cc. 





1 

8 

Instant 


—slight 

2.8 

1 

12 

Instant 

XXXX 

—slight 

3.2 

1 

14 

Instant 

xxxs 

-0.76 

3.6 

1 

15 

Instant 

xxxx 

—dight 

4.5 

1 

16 

Instant 

xxxs 

-1.38 

5.8 


No isoelectric point was found even at low pH. 


It was not ascertained whether the sulfide ion displaced the oxygen or 
chlorine of the oxychloride, but the entry of a small amount of sulfide, as in 
system 13, suffices to inhibit the compound from dissociating anions, even at 
low pH ranges. 


BISMUTH OXYCHLORIDE 

In bismuth oxychloride, the extreme condition is met among the metals 
under review, in that there is no isoelectric point for this compound in as acid 
solutions as examination was possible. In preparing the oxychloride, similar 
methods to that adopted in the preparation of antimony oxychloride were 
adopted, because of the readiness with which BiCls hydrolyzes. The chloride 
portion of the compound is extremely rigidly held, as no anions appear to be 
dissociated in acid solution, and the oxychloride is strictly electronegatively 
charged. 

- Sulfides of bismuth were prepared and their base exchange properties deter- 
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mined, but they were not examined cataphoretically. It can fairly be assumed, 
however, from the behavior of the sulfides of antimony that bismuth oxy¬ 
chloride saturated in any degree by sulfide ion, would be electronegatively 
charged. 


BASE EXCHANGE CAPACITY 

After the isoelectric point of the various compounds had been determined, a 
large volume of each of the reagents was Aixed in exactly the same proportions 
obtaining at the isoelectric point. These mixtures are given with each system 
where an isoelectric point was determined. 

The mixtures in which ferrocyanide was in excess of iron (system 5); sulfide 
in excess of tin; and the sulfides of arsenic, antimony, and bismuth were aU 
prepared in solutions made acid with HCl, for the isoelectric point of aU these 
compounds, if existent, would be found in acid solution. The base exchange 
capacity of a substance is here regarded as the amount of exchangeable cation 
which a substance is capable of adsorbing at pH 7. 

Cationic adsorption is brought about by a combination of bases with the 
acidic constituent of colloids. Cationic adsorption is most in evidence at high 
pH values—such are necessary to produce hydrolysis, by which process OH 
ions displace some of the valences of the acidoid component. The acidoid com¬ 
ponent is not itself displaced, however, but the number of its linkages with the 
basic constituent is reduced, and it must satisfy its valence requirements by 
linking up with cations in solution. The seat of cation adsorption and 
exchange reactions lies in the free valences of these partially linked-up, yet 
stably combined amons. It will be seen that in the ferric ferrocyanides, in 
which the ratio of acidoid to basoid is highest, the adsorption of cations is 
greatest. In these compounds there is the greatest degree of hydrolysis, which 
means that a larger molar fraction of the acidoid constituent is free to enter into 
exchange reactions. 

The following fonnula, although not meant to represent what happens in any 
one molecule of ferric ferrocyanide, illustrates a high degree of hydrolysis of 
that compound with an accompanying high potential capacity for cation 
adsorption, represented by sodium ions. 


Fe 


OH - Fe 


yNSL 

^Na 
/Na 
(CN)K 
^Na 


Fe (CN)b‘ 


Fe 


(G) 



Fe{CN)e-Na 
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The precipitates were filtered, dried at 60^C., and where sufficient material 
was available, about 1 gm. of the finely divided substance was used. This 
material was treated overnight with 50 cc. neutral iVBa—acetate in stoppered 
flasks, and then leached on the filter with NBa ,—acetate solution adjusted to 
pH 7, until the fiiltrate had a neutral reaction. Lea ching was continued some¬ 
what further, 10 cc. N BaCl 2 adjusted to pH 7 was added, and the material 
washed entirely free of chloride ions with cooled boiled water. The adsorbed 
barium was then displaced with N NH 4 CI solution at 70®C. and determined as 
BaS 04 . 

The base exchange capacity of the ferrocyanides was first determined by 
treating them by similar methods to the above, but with neutral N Ca-acetate. 
At this pH very considerable hydrolysis of the hi^er ratio compounds took 
place, and the competition of OH and acetate ions resulted in the removal of 
much Fe(CN )8 ion, and the formation of a more basic compound, with a con¬ 
siderably lower exchange capacity. In all but the lowest ratio compound, 


TABLE 16 

Cation exchange capacities of ferric ferrocyanides at various pH values, expressed in 
milliequivcdents per gram of material 


SATIO 07 IKOK TO TElUtO- 
CYANIDE 

NOBMAL SALT TBEATMENT 

Ca-acetate, pH 7 

Ba-acetate, pH 6.2 

Ba-acetate, pH 5.5 

m.e. 




15:2 

0.380 

0.428 

0.046 

15:5 

0,334 

0.563 

0.051 

15:10 

0.426 

0.678 

0.092 

15:15 

0.421 

0.971 

0.384 

15:20 

0.450 

0.677 

0.557 


which was comparatively stable, it was found difficult to bring the filtrate back 
to pH 7. The extent of the hydrolysis is reflected in the base exchange fig¬ 
ures—aU the compounds have a similar capacity for exchange, since the 
acidoid portion of the higher ratio compounds, which is responsible for the 
exchange phenomenon, has been largely lost. In washing free of Ca-acetate, 
there was a considerable hydrolysis of the calcium adsorbed by the higher 
ratio compounds. When washing was complete calcium was still being lost 
from these compounds but the most basic compounds were not losing calcium 
by hydrolysis. 

Fresh samples of these compounds were treated with N Ba-acetate, since 
barium has a higher adsorption energy than calcium. In one experiment N 
Ba-acetate was adjusted to pH 6.2 with acetic acid, and in another to pH 5.5. 
At pH 6.2 all compounds but the highest ratio one were stable, and this com¬ 
pound proved stable at pH 5.5. With the exception of this compound, the base 
exchange capacities of the ferrocyanides of iron at pH 6.2 increase with the in- 
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creasing ratio of tlie addoid to the ampholytoid component. At pH 5.5, where 
all compounds are stable, this feature, which is common to many colloids 
studied, is more strikingly illustrated. The base exchange capadty varies 
from 0.557 m.e. per gram in the highest ratio compound to 0.046 m.e. per 
gram in the lowest ratio. 

The sulfides of arsenic prepared from Na^S and sodium polysulfide, all possess 
a moderate base exchange capadty when treated with Ba-acetate at pH 7. In 
acid solution there appears to be a certain degree of adsorption of sulfide by 


TABLE 17 

Cation exchange capacities of arsenious sidfideSf expressed in miUiequivalents per gram of maieriat 


XAZZO OF SOZFZDS TO ASsOl 

MnXlEQUIVALEllTS FE2 GRAM 

Using sodium sulfide 

Using sodium pob^sulfide 




30:25 


0.283 

25:25 


0.268 

20:25 


0.2 S 3 

15:25 


0.247 

10.25 


0.278 

10:50 


0.260 


30:25 

0.180 


30:30 

0.216 


10:30 

0.360 


arsenious sulfide, in which case some of the valences of the sulfide component 
are free to link up with cations. 


S-H 

/ 

As 

/ \ 

S S (H) 

\ / 

As—— H 

Sulfides of tin, in which there is a high ratio of sulfide to tin, have a high base 
exchange capadty at pH 7. It is,^ in effect, higher than that shown by most 
inorganic soil colloids which have a high Si02/R208 ratio. 

Stannous hydroxide exhibits an appredable base exchange capadty. When 
the hydroxide is one-fifth saturated with sulfide ion, this capadty rises from 
0.408 m.e. per gram Sn(OH)2 to 0.617 m.e. per gram in the sulfide compound. 

Like the highest ratio compounds of ferric ferrocyanide, the highest ratio 
compoimds of stannous sulfide are partially decomposed by hydrolysis at pH 7, 
hence the two highest ratio compounds which hydrolyze most, have their ex¬ 
change capadties diminished. Had leaching widi Ba-acetate been carried out 
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at a lower pH, the base exchange capacity would undoubtedly have increased 
with the increasing ratio of sulfide to tin, in a more decided manner. 

The sulfides of antimony and bismuth have small base exchange capacities, 
indicating that at pH 7 there is little hydrolysis of these compounds, with ensu¬ 
ing free valences for linking with cations in solution. In the case of antimony 
sulfide, there is greater base exchange capacity with increasing saturation of the 
oxychloride with sulfide, but with bismuth sulfide the base exchange capacities 
are too small to be significant. 


TABLE 18 


Cation exchange capacities of stannous sulfides, expressed in miUiequivdlerUs per gram of material 


XATIO 0? im TO SULFIDE 

imJlEQXnV’ALENTS FEE GKAU 

m.e. 


8:9.6 

0.818 

8:8.0 

0.810 

8:6.4 

0.951 

8:4.8 

0.897 

8:3.2 

0.884 

8:1.6 

0.617 


Isoelectric stannous hydroxide 0.408 


TABLE 19 

Cation exchange capacity of antimony and bismuth sidfides, expressed in mittiequivdlents per 

gram of material 


EATIO OF Sb TO S 

BATIO OF Bi TO S 

ICUJXQUIVAIEKTS FEE GSJJS. 

m.e. 

m.e. 


16:16 


0.13 

16: 9.6 


0.089 

16: 3.2 


0.040 


16:16 

0.051 


16: 9.6 

0.036 


16: 3.2 

0.048 


GENERAL DISCUSSION 

Although the ferric ferrocyanide complex formation and behavior are in 
general governed by the same principles as the formation and behavior of the 
amphoteric phosphated, silicated, humated, and proteinated (6) complexes of 
iron and aluminum, yet they differ from the latter in many ways: (a) All the 
ferrocyanide, even a certain equivalent excess, is carried down in the pre¬ 
cipitate. (b) Small amounts of ferrocyanide cause a great downward dis¬ 
placement of the isoelectric pH of the ferric complex, (c) Except in system 1 
there are no colloidal dispersion on the positive side even at low pH and no 
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ionic dispersion, i e., solution, (d) At no very high pH (below the neutral 
point) is the hydrolysis extensive. 

These facts together might help us to explain the behavior of this 
series. The ready hydrolysis, i.e., the ease with which the OH ions displace 
ferrocyanide ions, shows that the solubility product of the ferric ferrocyanide is 
relatively high. The fact that the compounds in system 1 and the succeeding 
ferric ferrocyanide systems are isoelectric at low, and not greatly differing, pH 
values can therefore not be due to a complete association of the ferrocyanide 
ions, thus preventing the entrance of dissociable Cl ions. The Cl ions are 
present in these complexes in greater number than were found in the isoelectric 
“silicates.” The low isoelectric points of the ferric ferrocyanides must be 
ascribed to the fairly strong acid residue of the ferrocyanide group. This means 
a high cation dissociation even at low pH. More dissociable Cl is therefore 
required to render the complex isoelectric, hence the low isoelectric points. 

An amphoteric colloid having a strong acid residue must have a correspond- 
ingly wesiker basic residue because the neutralization must proceed until the 
product of the H and OH ions equals the ion product of water. The isoelectric 
pH must then be far below the neutral point because only at such low pH will 
the dissociation of the weak basoid group balance that of the acidoid group. 

Stannous “hydroxide” or oxychloride is isoelectric at about pH 6.6. It has 
therefore somewhat stronger acidic than basic properties. This accounts for 
the considerable adsorption and exchange of cations at pH 7. Iron and alumi¬ 
num “hydroxides” are isoelectric when precipitated from the chlorides by 
NaOH at about 7.1 and 8.1 respectively. None of these adsorb or exchange 
cations at the neutral point, but they adsorb large quantities of bases from 
alkaline solutions. These are therefore stronger as basoids than as add- 
oids(2). 

When the sulfide ions displace the dissociable Cl ions the isoelectric pH is 
displaced to the acid side: (a) because the anionic dissociation of the complex 
is suppressed and (b) because the —SH group introduces a stronger add 
residue and thus increases the content and dissociation of diffusible cations. 
The cation exchange capadty is therefore greater in the sulfide complex. 

Let us now briefly consider the three members of the same group; namely, 
arsenic, antimony, and bismuth. 

Arsenic oxide is mainly addic but the fact that it forms a chloride shows it to 
be amphoteric. If the compound remained insoluble its partides would 
undoubtedly be found to have an isoelectric point and to become electropositive 
at very low pH, since the addic properties of arsenic are much stronger than 
the basic. But solution results, and the positive complex resolves itself into 
single (or an approach to single) ions such as AS 2 O 2 ++, AsO+, and As+++ and is 
no longer within the domain of the colloid chemist. The same would be true of 
of A1 and Fe if the isoelectric pH of their hydroxides were below the point of 
true solution. No positive sols of aluminum and iron hydroxides would then 
beknown. 
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The fact that arsenious oxide and especially the oxychloride are quite soluble 
accounts for the uniform composition of the precipitates of the various arsenious 
sulfide systems and for the nearly constant exchange capacities of these com¬ 
pounds. The formation of a natural series as in the various other systems 
cannot here take place. Displaceable hydrogen as indicated in formula {S) 
must, however, be assumed. 

The oxychloride of antimony is isoelectric at pH 5.6 and is thetefore more 
acidic or less basic than tin but more basic than arsenic. Being considerable 
stronger as an acidoid than as a basoid, its electropositive and basic properties 
are completely suppressed by the entrance of small amounts of sulfide ions into 
the complex. AU of the antimony sulfide complexes are therefore negative 
down to the lowest pH values investigated. 

The low exchange capacities of the various electronegative '^sulfides” indicate 
a weak acidoid or a small acid residue. But it must be pointed out that the ion 
exchange capacity as determined by leaching is never a good criterion since one 
never knows how far the hydrolysis proceeds. 

Bismuth is the most basic element of the three members of the group and we 
should expect the oxychloride to be isoelectric at a higher pH than the corre¬ 
sponding compound of antimony. The fact that the oxychloride of bismuth is 
electronegative over the entire range of pH may be due to the Cl ions not being 
dissociated by the complex. We have selected the Na and Cl ions as the diffusi¬ 
ble ions which are most likely to be highly dissociated by the colloidal com¬ 
plexes. Where this is not the case we shall encounter irregularities. Thus in 
the case of silver chloride, HCl or any other chloride will cause a negative 
charge (6). 

While a positive charge appears to be associated solely with basic materials 
which combine with acids and dissociate diffusible anions, a negative charge is no 
indication that the material is an acidoid. All inert substances such as col¬ 
lodion, air bubbles, etc., charge themselves negative in water. This must be a 
property of the water itself due perhaps to the orientation of the interfacial 
layer of molecules and to an unequal distribution of the OH and H ions at the 
phase boundary. The positive charge resulting from the dissociation of anions 
is therefore not only opposed by the negative charge resxilting from the dissocia¬ 
tion of cations but also by a certin phase boundary potential. The isoelectric 
point may therefore not represent that pH at which the dissociation of anions 
and that of cations are equal, but a somewhat lower pH. 

SUMMARY 

A series of isoelectric precipitates of ‘^ferric ferrocyanide’’ and “sulfide of 
tin’’ and electronegative “sulfides” of antimony, bismuth, and arsenic, were 
prepared and their base adsorption and exchange capacities determined. 

Details of the method of preparation of the isoelectric compoimds, together 
with flocculation effects, cataphoretic and pH measurements are given. 

The introduction of the ferrocyanide ion in increasing amounts into the 



94 


N. H. PAKBERY AKD SANTE iLVTTSON 


oxychloride of iron, results in compounds whose isoelectric points are at low 
ranges. 

Arsenious sulfide is strictly electronegative, and formed under different con¬ 
ditions, its composition always closely approaches a stoichiometric relationship. 
Arsenic appears to be too acidic to exist as a colloidal cation like the distinctly 
metallic elements. 

A series of isoelectric sulfides of tin, in which the proportion of sulfide and 
base varied, showed that the isoelectric points of the compounds were at lower 
pH values, as the compounds became more saturated with sulfide sulfur. 
When sulfide is in excess of tin, as when ferrocyanide is in excess of iron, no 
isoelectric point for the compound exists. 

The isoelectric point of antimony oxychloride is at a comparatively low pH, 
despite the high content of chlorine at the isoelectric point. This chlorine 
appears to be very slightly dissociated. All sulfides of antimony are electro¬ 
negative. 

Bismuth oxychloride represents the extreme condition among the metals 
under review, in that it has no isoelectric point, being electronegative over a 
wide pH range. 

The base exchange capacity of the ferric ferrocyanides, at a pH where the 
higher ratio compounds did not decompose, was found to increase with the in¬ 
creasing ratio of the acidoid to the ampholytoid component. The same 
phenomenon was found in the sulfides of tin and antimony, Arsenious sulfide 
has a moderate exchange capacity at pH 7, that of the sulfides of bismuth being 
slight. Further investigations of this type into the behavior of all the metallic 
elements of the periodic system should bring out some interesting relationships. 
Work in this direction is now in progress at this institution. 
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It is exceedingly difficult to make accurate base-exchange measurements on 
soils because of their extreme heterogeneity. This fact has led to the study of 
the simpler base-exchange substances as a substitute for soil material. Many 
investigators have studied the S3mthetic material, called “permutite,’’ under 
the impression that the results thus obtained would in some measure be applic¬ 
able to the base-exchange phenomenon of soils. Some soil workers refer to the 
exchange-complex of soils as “zeolites” or “zeolitic substances.” Before any 
results of experimental studies on permutites, zeolites, or any other base-ex¬ 
change material can be applied appropriately to soils it must be shown that 
their identity is complete. It is the purpose of this paper to present, in a sum¬ 
marized manner, a comparison of some of the properties of the four main 
types of hydrated alumino-silicate base-exchange substances: bentonites, per¬ 
mutites, soil colloids, and zeolites; and to present in detail the preliminary re¬ 
sults of the author’s attempts at investigating the physical chemistry of the 
base-exchange reaction for representatives of these substances. 

In a recent paper, Kelley, Dore, and Brown (4) present the results of some 
comparative studies of these base-exchange substances. Their results sum¬ 
marized briefly are: 

The colloidal material of soils and of bentonites contains alkali and alkali-earth bases that 
are not replaceable, whereas the bases in permutites and moderately ground zeolites are 
practically completely replaceable. The non-exchangeable bases in bentonites are dither mag¬ 
nesium alone, or magnesium and potassium; in soil colloids they are mainly magnesium with 
some potassium. By prolonged grinding in the ball-miU these non-replaceable bases become 
exchangeable. Prolonged heating at a temperature of SSO^C. does not appreciably lower 
the exchange capacity of dther soil colloids or of bentonites; whereas that of ground natrolite 
was reduced to 46 per cent, that of stilbite to 7 per cent, and that of scoledte to 6 per cent of 
the original exchange capacities. X-ray examination showed that permutites are devoid 
of suffident crystal structure to give a pattern by the Debye-Scherer method, and that none 
of the zeolites and feldspars examined gave an X-ray pattern having any resemblance to those 
of soil colloids. The X-ray patterns of soil colloids were like those of certain of the bento¬ 
nites. These X-ray results are substantiated by those of Hendricks and Fry (2), 

In addition to the findings of Kelley, Dore, and Brown, there are other points 
of similarity and differences which should be kept in mind. The colloidal 

* Paper No. 247, University of California, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverdde, California. 
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properties of bentonites are very similar to those of soil colloids, the caldttm- 
saturated forms being granular and capable of settling out of water. The 
sodium-saturated forms are highly dispersed in water and on the addition of an 
electrolyte coagulate to aflocculent mass. The behavior in water of those per- 
mutites prepared and studied in this laboratory, is practically u n i n fluenced by 
the nature of the exchangeable cation; the sodium-saturated permutites lack the 
high degree of dispersion in water that bentonites and soil colloids possess. 
Soil colloids and bentonites are remarkably stable toward dilute acids and 
alkalies, whereas permutites are easily decomposed by dilute acids and alkalies; 
and zeolites are also decidedly unstable. A large proportion of both the re¬ 
placeable and non-replaceable bases of bentonites and soil colloids consists of 
magnesium; and by simple leaching with a solution of a magnesium salt, ben¬ 
tonites and soil colloids can be prepared with magnesium as the only replace¬ 
able base present. In contrast to this, no magnesium-zeolites have as yet 
been reported; and hitherto it has not been possible to prepare a permutite 
with more than 50 per cent of the replaceable bases as magnesium, by leaching 
with magnesium-salt solutions. 

It does not seem likely that all these differences between soil colloids and 
bentonites on the one hand and permutites and zeolites on the other are caused 
by a mere difference in crystal structure. Yet there is a remote possibility 
that bentonites, permutites, and zeolites are only different crystalline modifica¬ 
tions of the same fundamental substance, for they are all hydrated alumino¬ 
silicates of fairly similar composition; and it is conceivable that they may all 
behave similarly as regards the base-exchange reaction. Comparatively little 
study has been made of the physical chemistry of the cation-exchange reaction. 
Kerr (5) has investigated the calcium-magnesium exchange reactions of ben¬ 
tonites, permutites, soils, and natural zeolites. His conclusions are that soils 
and bentonites are very similar, and that zeolites and permutites differ from 
soils. The writer has been investigating the physical chemistry of the cation- 
exchange reaction for some representatives of the four principal types of hy¬ 
drated alumino-silicates, the preliminary results being presented in this paper. 

THEORETICAL 

The reaction between a solution of potassium chloride and a sodium-satu¬ 
rated base-exchange substance can be represented by the equation 

NaZ H- KZ + NA+ 

where Z symbolizes the complex anion of the substance. When this system is 
given sufficient time to attain equilibrium the conditions of the system are 
expressed by the equation: 


(KZ) (Na+) 
(NaZ) (K+) 


K 


U) 
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In which K is the equilibrium constant, and all the quantities in parentheses 
are the activities (7, chap. 22) of the four constituents of the reaction. These 
activities, or active concentrations, must not be confused with the actual or 
stoichiometric concentrations. But where, as in this experimental work, the 
solutions are fairly dilute and of nearly constant ionic strength (7, p. 373) we 
can use the actual stoichiometric concentrations of sodium and potassium in 
solution, since the activity coefficients (7, Chap. 28) of sodium chloride and 
potassium chloride in dilute solutions are nearly equal. .Any pure solid ta-Virig 
part in a chemical reaction has an activity equal to unity. For example, in 
the reaction. 

BaCOs -f SO - = BaS04 -f CO*" 

the equilibrium conditions are expressed by the relationship 



because the BaS 04 and the BaCOs are present as iudependent solid phases and 
the amount present is without influence. Assuming the NaZ and KZ to act 
like two independently existing solid phases, equation A reduces to 


Na-*- 

K+ 


K 


iB) 


Kerr (S) has shown that for the calcitim-magnesium exchange reaction this 
equation does not represent even approximately the facts for any of the base- 
exchange substances which he investigated. My work on the sodium-potas¬ 
sium, calcium-ammonium, sffid potassium-ammonium exchange reactions con¬ 
firms his results; so this simple hypothesis may be dismissed. 

Kerr (5) has advanced the idea of equating the active mass with the actual 
amount present in each form. Thus equation A becomes 


KZ Na+ 
NaZ ^ K+ 


K 


( 0 ) 


B'ut it must be noted that in equating active with actual concentration the 
tadt assumptions are made that the two substances NaZ and KZ behave as if 
in true solution and have the same activity coefficients. The author finds it 
exceedingly difficult to subscribe to this idea and prefers an entirely different 
viewpoint. If the NaZ and KZ are capable of forming a continuous series of 
mixed crystals their activities would no longer be unity. Whenever a sub¬ 
stance in a mixed crystal enters into a chemical reaction its activity is not unity 
but is equal to its molecular fraction in the mixed crystal. Thus the activities 
of the NaZ and KZ would be given by the equations 


NaZ + KZ 
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and 


(KZ) 


KZ 

NaZ + KZ 


respectively. Substitution of these values into equation A leads to the same 
equation C derived on the basis of Kerris idea. 

Thus far we have assumed that the complex anion, Z, is monobasic. Con¬ 
sidering it to be divalent, the reaction would be represented by the expression 

Na^Z - 1 - 2 K+ - KaZ + 2 Na+ 

and the equation representing equilibria conditions, for both the mixed crystal 
hypothesis and Kerr’s idea, would be 



Without presenting any experimental results at this pomt, suffice it to say 
that all the data support the monobasic formula and not the dibasic. So, for 
the sake of brevity we shall omit any further theoretical consideration of a 
divalent complex anion. 

The study of an exchange reaction of two cations of the same valence does not 
permit one to distinguish between Kerr’s theoretical treatment of the two 
solid phases, NaZ and KZ, and the mixed crystal hypothesis. But the ex¬ 
change reaction using two dissimilar cations does afford data for distinguishiug 
between the two hypotheses. Using a solution of ammonium chloride and a 
caldum-saturated material the reaction is 


2 NHiZ + Ca++ = CaZj + 2 NH 4 + 


and the corresponding expression for the equilibrium conditions in terms of 
the activities of the four constituents is 


(NH 4 +)» (CaZ») 
(Ca++) ^ (NH 4 Z)a 


(E) 


Here again the parentheses denote activities. Since the solutions used in this 
experimental work are fairly dilute and of nearly constant ionic strength the 
error introduced by the omission of the activity coefficients of NH 4 CI and CaCh 
solutions is nearly constant for all the experiments. Assuming the particles 
of the substances to be so finely divided as to behave as if in solution ( 6 ), equa¬ 
tion E becomes 


(F) 


K 


CaZa 

Ca++ ^ NHiZ* 
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If the NH 4 Z and CaZ 2 form a continuous series of mixed crystals a different 
expression results. The activities of the two forms of the substance are given 
by the expressions 


(NH4Z) 


NH4Z + CaZ2 


and 


(CaZa) 


CaZa 

NH4Z + CaZa 


Substitution of these values into equation E results in the expression 

jr » CaZaCCaZg + NH4Z) 

“ Ca++ NHiZa 


(G) 


which differs from equation F by the factor (NH 4 Z + CaZ 2 ). Thus the data 
obtained by a study of the equilibria of the calcium-ammonium exchange re¬ 
action should afford a means of distinguishing between the two theories as to 
the r61e of the solid phases. 

THE MATERIALS USED AND THEIR PREPARATION 

The author studied the sodium-potassium exchange reaction for the fol¬ 
lowing materials; two bentonites, two permutites, two soil colloids, and two 
zeolites. 

The colloidal fractions of the two soils were prepared by sedimentation of 
the sodium-saturated soil in water; only that material remaining suspended in 
the upper 20 cm. after a period of 24 hours was used. The suspended material 
was coagulated by the addition of ammonium chloride. Treatment with am¬ 
monium hydroxide solution, followed by oxidation with 5 per cent hydrogen 
peroxide solution served to remove practically all the organic matter. The 
use of hydrogen peroxide results in an acid preparation. To remove the hy¬ 
drogen ions the material was treated with a dilute solution of calcium hydrox¬ 
ide until distinctly alkaline; then it was rendered practically neutral by con¬ 
tinued leaching with normal ammonium chloride solution, adjusted to a pH 
of 6.8 to 7.0 until the ammonium chloride solution came through with its pH 
unaltered. 

The colloidal fractions were separated from two bentonites in the same man¬ 
ner, except that the treatment for the removal of organic matter and the subse¬ 
quent use of calcium hydroxide solution were omitted because these clays con¬ 
tained little if any organic matter. Bentonite 7 is of the montmorillonite type, 
having a silica-alumina ratio of very nearly 5 to 1. Bentonite 5 is more like 
the beidellite type and has a silica-alumina ratio of about 4 to 1. 

The two natural zeolites, analcite and heulandite, whose compositions ap¬ 
proximated very closely the theoretical, NaaO-A 1208 * 4 Si 02 ' X H 2 O and CaO- 
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Al208*6 Si02- X H 2 O respectively, were ground rather finely before being used. 
They were treated by decantation with neutral normal ammonium chloride 
solution until most of their cations had been replaced by the ammonium ion. 

Two S 3 mthetic preparations were investigated. The one, pennutite 51, 
havingacompositionexpressedby the formula Na^O- A 1203 - 5 Si02* X H 2 O, 
was prepared by the addition of hot sodium aluminate solution to silicic acid 
suspended in boiling water. After being heated on the steam bath for a short 
time the product was filtered off and leached on a Buchner funnel with neutral 
normal sodium chloride solution until the leachate came through only slightly 
alkaline to phenolphthalein. It was then leached with neutral normal am¬ 
monium chloride solution until this solution came through unchanged. Per- 
mutite 31 had the composition Na^O- AI 2 Os* 3 SiOs* X H 2 O; it was prepared 
by mixing boiling hot solutions of sodium aluminate and sodium silicate. It 
was then treated exactly as was the other permutite. 


TABLE 1 

Replaceable hoses in bentonites and soil colloids 
(Expressed as milligram equivalents per 100 gm.) 


WiXBSSJJL 

R-satusated fosm 

Na-SATVRATXD TOKU 

NHi ab¬ 
sorbed 

Na dis¬ 
placed 

K dis¬ 
placed 

NH4 ab¬ 
sorbed 

Na dis¬ 
placed 

K dis¬ 
placed 

Bentonite 7. 

99.7 

0.6 

97.9 

109.8 

108.2 

0.2 

Bentonite 5. 

86,7 


89.3 

93.5 

92.1 


Soil coUoid 431. 

67.5 


63.9 

69.3 

66.4 


Soil colloid 5696. 

45.8 

0.6 

46.4 

SI .3 

51.8 

0,5 


Each of these eight preparations was divided iato two nearly equal portions 
after the treatment with neutral ammonium chloride solution; the one portion 
was leached on a Buchner funnel with neutral normal sodium chloride solution 
imtil the leachate gave no Nessler test for ammonia. The other portion was 
similarly treated with potassium chloride solution. The products were then 
freed from all but merest traces of chlorides by leaching with methyl alcohol. 
They were air-dried and made to pass an 80-mesh sieve. 

The replaceable bases in the bentonites and soil colloids were determined by 
the ammonium acetate method, the absorbed ammonia being determined by 
aeration. The ammonium acetate leachates were analyzed for sodium and 
potassium only. All sodium determinations reported in this paper were made 
by a slight modification of the Barber-Kolthoff method (1). All the potassium 
determinations were made by the perchloric acid method. The results for the 
replaceable bases in the bentonite and soil preparations are given in table 1. 

The zeolite and permutite preparations were analyzed by the standard 
methods, and the results are presented in table 2. 
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TABLE 2 

Analyses of pertnuiites and zeolites 


SUBSTANCE 

PERCENT 

ax, PER 100 ON. 

SiOi 

AlaOa* 

Na 

K 

Ca 

Permutite 51, K form. 

53.64 

17.83 

3.5 

306.8 


Permutite 51, Na form. 

53.63 

17.92 

294.0 

0.0 

... 

Permutite 31, K form. 

41.62 

24.35 

1.8 

404.0 


Permutite 31, Na form. 

44.06 

25.61 

421.0 

0.0 

... 

Heulandite, K form. 

56.74 

16.56 

1.6 

283.0 

9.7 

Heulandite, Na form. 

58.54 

17.38 

292.0 

0.0 

3.7 

Analdte, X formt. 

54.75 

22.72 

20.0 

393.0 


Analdte, Naform. 

55.00 

22.95 

i 421.0 

0.0 

... 


♦ These figures include the undetermined but small amounts of FeiOs. 
t The X-ray pattern of this potassium-saturated analdte was practically identical with 
that of leucite. 


TABLE 3 

Experimental data for hentordte 7, soil colloid 43 If and permiUite 51 f for the sodium-potassium 

exchange reaction 

(All concentrations expressed as milligram equivalents per liter) 


ANALYTICAL RESULTS 



Bentonite 7 

1 Soil colloid 431 

Permutite 51 

Na+ 


NaZ 

KZ 

Na- 


ipsi 


Na+ 


100.0 

0.0 

0.0 

25.0 

86.3 

14.9 

Knj 

13.9 

86.3 

14.0 

100.0 


0.0 

42.9 

81.1 

20.6 


20.1 

80.2 

20.2 

85.7 

14.3 

0.0 

42.9 

71.9 

29.2 

71.7 

29.8 

70.0 

30.4 

71.4 

28.6 1 

0,0 

42,9 

61.8 

39.5 

61.1 

40.8 

59.2 

41.5 

57.1 

42.9 

0.0 

42.9 

50.5 

50.6 

49.5 

52.0 

47.7 

53.0 

42.9 

57.1 

0,0 

42.9 

38.7 

62.2 

37.7 

^.4 

35.3 

65.2 

25.0 

75.0 

0.0 

25.0 

23.7 

76.9 

23.4 

78.1 

21.9 

78.5 

75.0 

25.0 

25.0 

0.0 

85.3 

15.6 

86.3 

14.9 

86.2 

14.9 

57.1 

42.9 

42.9 

0.0 

79.8 

22.3 

80.7 

21.8 

78.0 

21.8 

42.9 

57.1 

42.9 

0.0 

70.4 

31.5 

70.4 

31.9 

67.8 

32.3 

28.6 

71.4 

42.9 

0.0 


42.1 

59.7 

42.8 

57.0 

43.2 

14.3 

85.7 

42.9 

0.0 

48.4 

53.1 

48.4 

54.1 

46.0 

54.5 

0.0 

100.0 

42.9 

0.0 


64.7 

36.7 

65.7 

34.1 

66.2 

0.0 

100.0 

25.0 

0.0 

22.7 

78.3 

22.9 

78.6 

21.2 

78.8 


EXPERIMENTAL PROCEDURE 

The sodium-potassium exchange reaction was experimentally investigated 
at a temperature of 2S°C. and at a total concentration of tenth-normal. In 
order to approach equilibrium in both directions two series of experiments were 
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carried out simultaneously with most of the materials. In the one series vari¬ 
ous amounts of NaZ were used with SO cc. of a tenth-normal solution contain¬ 
ing var 3 dng ratios of sodium and potassiiim chlorides. In the other series of 
experiments corresponding amounts of KZ were used with 50 cc. of a tenth- 
normal solution of sodium and potassium chlorides in varying ratios. The 
ratio of sodium to potassium in the entire system varied from about 5:1 down 
to 1:5, thereby covering the composition range about as completely as the analyt¬ 
ical accuracy permitted. The weighed amounts of material and SO cc. of the 

TABLE 4 

Experimental daia for heulandite, permutUe 31 ^ and soil coUoid 5696 
(All concentrations expressed as milligram equivalents per liter) 

ANAL'mCAL SXSULTS 

Heulandite Permutite 31* | SoU colloid 5696 

Na+ K+ Na+ 

90.9 8.9 87.7 

88.2 11.9 83.8 

85.6 14.2 80.5 

83.7 16.5 77.8 

69.6 30.6 63.5 

62.0 38.5 56.0 

45.1 55.7 40.8 

37.0 63.9 33.7 

27.9 72.2 26.4 

19.43 81.3 18.4 

90.7 9.1 86.7 

87.8 12.2 81.9 

84.9 14.7 77.5 

82.5 17.5 74.6 

69.0 31.6 60.1 

61.2 39.5 52.0 

44.6 56.1 37.8 

36.3 63.9 31.3 

27.7 72.0 24.6 

19.32 81.3 17.1 

* As a result of an inadvertent error, the actual amounts of sodium-saturated permutite 
31 used are 2.4 per cent less than the values given. 

proper sodium-potassixim chloride solutions were put into p 5 nrex test tubes, 
stoppered well with rubber stoppers, and left in the 25®C. thermostat from 7 
to 14 days. The test tubes and contents were frequently shaken. The solu¬ 
tions were then filtered off and the sodium and potassium present in the fil¬ 
trates were determined anal 3 rtically. The experimental data showing the 
amounts of NaZ or KZ and the compositions of the sodium-potassium chloride 
solutions used, together with the analytical results, are given in tables 3, 4, 
and S. 



Na+ 

K+ 

11.8 

90.1 

10.9 

15.9 

87.2 

14.5 

19.5 

84.7 

17.1 

22.5 

82.4 

19.7 

36.8 

68.7 

33.1 

44.6 

61.1 

41.1 

60.8 

44.6 

57.1 

67.2 

36.6 

64.8 

74.8 

28.3 

72.9 

82.5 

19.3 

81.5 

13,0 

89.1 

11.6 

17.9 

86.0 

15.5 

21.9 

83.4 

18.7 

25.9 

80.9 

21.2 

40.4 

67.0 

35,2 

47.7 

59.7 

1 42.8 

64.4 

43.5 

58.9 

69.9 

35.7 

i 65.8 

76.3 

27.6 

73.8 

83.7 

18.9 

i 81.9 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Bentonite 7, permutite 51, and soil colloid 431 were investigated by exactly 
the same procedure. The initial amounts of NaZ, KZ, NaCl, and KCl were 
the same for all three substances; these data are given in table 3 along with the 
analytical results. 

The proportions of the four constituents were slightly altered in the experi¬ 
ments with the rest of the base-exchange materials. The data for the iTiitml 


TABLE s 

Experimenid data for berUonites 5 and T, soil colloid 431, and anakite 
(All concentrations expressed as milligram equivalents per liter) 


nnZZAL COKCENTSATIONS 

Bentomte 5 | 

Bentonite 7 | 

1 Soil colloid 431 

Analdte 

Na+ 

K+ 

NaZ 

KZ 

Na+ 

K+ 

Na+ 

K+ 

Na+ 

K+ 

Na+ 


80 

20 

20 

0 


11.6 

87.4 

13.5 





70 

30 

30 

0 



.... 

... * 

84.7 

17.4 

73.3 

27.2 

30 

70 

SO 

0 


34.9 

64.8 

37.9 

• • • • 

» • • • 

m 9 m m 

• • p • 

20 

80 

50 

0 

.... 

.... 


.... 

57.8 

45.7 

29.1 

71.2 

0 

100 

40 

0 

.... 

.... 

34.9 

67.0 

.... 

.... 

e • • • 

.... 

0 

100 

30 

0 

27.5 

73.7 

i 

.... j 

.... I 

27.3 

75.3 

8.3 

92.6 


TABLE 6 

Equilibria constants for bentonite 7 for the reaction NaZ + =* -KZ -f- Na^ 

(Equilibrium approached from the right) 


CONCENIXAIIONS IN 1C E. PEX LUES EQUZLIBSIUK CONSZANTS 


Na+ 

K+ 

NaZ 

xz 

Equation B 

Equation C 

Equation D 

86.3 

14.9 

13.7 

10.1 

5.8 

4.3 

25.0 

81.1 

20.6 

18.9 

22.3 

3.9 

4.6 

18.0 

71.9 

29.2 

13.8 

28.0 

2.5 

5.0 

12.5 

61.8 

39.5 

9.6 

31.9 

1.6 

5.2 

8.3 

50.5 

50.6 

6.6 

35.1 

1.0 

5.3 

5.3 

38.7 

62.2 

4.2 

37.8 

0.6 

5.6 

3.5 

23.7 

76.9 

1.3 

23.1 

0.3 

5.5 

1.7 


concentrations and the analytical results for heulandite, permutite 31, and 
soil colloid 5696 are given in table 4. 

Only three experiments were made with bentonite 5 and with analcite; a 
few experiments with soil colloid 431 and bentonite 7 were repeated to arrive 
at some idea of the reproducibility of the results. The data for these experi¬ 
ments are given in table 5. 

Calculktions based on the data for bentonite 7, given in tables 3 and 5, are 
presented in tables 6 and 7. The first two columns give the anal 3 rtical results 
for the milligram equivalents of sodium and potassium per liter of the solution. 
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The third and fourth coluions give the calculated values for the concentrations 
of the NaZ and EZ as milligram equivalents per liter in the equilibria mixtures; 
these values are obtained by subtracting the sodium or potassium, found in the 
solution, from the total amounts present in the system. The figures in the 
fifth column are the values of the equilibrium constant K calculated according 
to equation B, those in the sixth column are the values for equation C, and those 
in the seventh column are the values for equation D. The values of the calcu¬ 
lated equilibria constants in the fifth column of tables 6 and 7 show that the two 
solid forms NaZ and KZ cannot be treated like two independent solid phases. 
The values in columns six and seven indicate strongly that the complex-anion 
is monobasic rather than dibasic. The calculated values for the equilibria 
constants for the other substances show the same general trend. 


TABLE 7 

Equilibria consianls for bentonite 7 for the reaction NaZ 

(Equilibrium approached from the left) 


KZ -h Na^ 


CONCEKTSATIONS ST HJE. FES LUES 


Na+ 

x+ 

NaZ 

XZ 

Equation B 

Equation C 

Equation D 

85.3 

15.6 

14.7 

9.3 

5.5 

3.5 

19.3 

79.8 

22.3 

20.2 

20.6 

3.6 

3.6 

13.0 

70.4 

31.5 

15.3 

25.6 

2.2 

3.7 

8.1 

60.0 

42.1 

11.4 

29.3 

1.4 

3.7 

5.2 

48.4 

53.1 

8.7 

32.6 

0.9 

3.4 

3.0 

37.0 

64.7 

5.9 

35.3 

0.6 

3.4 

2.0 

22,7 

78.3 

2.3 

21.7 

0.3 

2.7 

0.8 

87.4 

13.5 

12.6 

6.5 

6.5 

3.3 

21.0 

64.8 

39.7 

15.2 

32.1 

1.6 

3.6 

5.9 

34.9 

67.0 

5.1 

33.0 

0.5 

3.4 

1.8 


BQUHJBEimC CONSTANTS 


It will be noted that the figures in column six of tables 6 and 7 give a differ¬ 
ent value for the ^'equilibrium constant,” depending on the direction in which 
equilibrium is approached. The difference is such as to indicate that insuffi¬ 
cient time was allowed for the attainment of true equilibrium. However, ex¬ 
perimental evidence, to be presented later, points strongly to some other cause 
for this so-called "hysteresis.” All of the materials, for which the equilibria 
of the sodium-potassium exchange reaction were approached in both direc¬ 
tions, exhibited this hysteresis and approximately to the same degree. 

Rather than further to burden this paper with numerous tables of calcula¬ 
tions the results are presented graphically in figure 1. The sodium-potassium 
exchange reaction can be represented by the general equation 

NanZ + ni:+ = E«Z «Na+ 

in which n is the valence or basicity of the complex anion Z, The expression 
for the equilibrium constant is 
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lOS 


Na„Z ^ ^ 

Reaxranging the terms and taking logarithms leads to the equation 

This is in the form of the equation for a straight line whose slope is n, and the 
intercept on the axis of ordinates is the logarithm of the reaction constant K. 
All the experimental data for the sodium-potassium exchange reaction, in 


O Bentonite 5 

3 Bentonite 7 
+ Permutite 31 

X Permutite 51 
' • Soil Colloid 
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Fig. 1. Equilibria in the Sodium-rotassium Exchange Reaction of the 
Various Alumino-siuecates 


which the sodium-saturated materials were used, are plotted in figure 1. 


quantities log 


/NaZ\ 

\Kz; 


are the ordinates and log 


m 


are the abscissas* 


The 

The 


results for analcite fall outside the area of figure 1. Figure 1 shows the great 
similarity in behavior of soil colloid 431 and bentonite 7, and also the similarity 
of soil colloid 5696 and bentonite 5. The graphs for these four substances have 
approximately a slope of unity, indicating the monobasicity of the complex 
anion. It is seen that heulandite and the two permutites differ noticeably from 
the soil colloids and the bentonites, and that their graphs have a slope consider- 
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ably less than unity. This is likewise true for analcite. The apparent valency 
of less than one for the complex anion of the permutites and zeolites may have 
its origin in the incomplete validity of the assumption of a continuous series of 
perfect solid solutions or mixed crystals. Where, as in the case of permutites 
and zeolites, all of the cation is replaceable this assumption may not be valid, 
but may be approximately true when only one-fourth to one-third of the total 
cation content is replaceable. Further work is in progress regarding this 
point. 

The results for the reverse reaction, in which the potassium-saturated mate¬ 
rials were used, are not shown in figure 1. They form a similar set of lines all 
displaced to the right by about the same amount; this is because in no case was 

TABLE 8 

Experimental data for herUonite 7 for the reaction Z NHiZ + « CaZ% + 2 

equilibrium approached from the left 


(Concentrations expressed as milligram equivalents per liter) 


mimx CONCENTSAHONS 

TOStAL CONCENTSATIONS 

SQTJniBXXUlI CONSIASTS 

By analysis 

Calculated 

Dibasic 

anion 

Monobasic anion 

NHiZ 

CaZi 

NH 4 + 

Ca*^ 

NH4+ 

Ca++ 

NH 4 Z 

CaZs 

Equa¬ 
tion F 

Equa¬ 
tion G 

20.0 

0.0 

0.0 


16.8 

84.3 

3.2 

15,7 

16 


55 

40.0 


0.0 


27.4 

73.2 

12.6 

26.8 

21 


44 

60.0 

0.0 

0.0 

100.0 

36.3 

64.7 

23.7 

35.3 

31 


54 

80.0 


0.0 

100.0 

44.1 

57.7 

35.9 

42.3 

40 

1.1 

63 

100.0 


0.0 

100.0 

51.0 

51.4 

49.0 

48.6 

49 

1.0 

73 

80.0 

0.0 

20.0 

80.0 

55.8 

45.4 

44.2 

34.6 

53 


74 

60.0 


40.0 

60.0 

62.1 

38.7 

37.9 

21.3 

57 


73 

40.0 

0.0 

60.0 

40.0 

70.9 

29.5 

29.1 

10.5 

61 


72 

20.0 

0.0 

80.0 

20.0 

83.2 

16.8 

16.8 

3.2 

79 


86 


true equilibrium attained and aU of the base-exchange substances showed 
about the same amount of hysteresis. 

INVESTIGATION OP THE r6lE OP THE SOLID PHASE 

In the theoretical section of this paper it was shown that the rdle of the solid 
phases in the base-exchange reaction could be ascertained only by the use of a 
reaction involving two cations of dissimilar valences. For this purpose, a 
series of experiments were performed in which bentonite 7 was used in the cal- 
dum-ammonium exchange reaction. These experiments were conducted simi¬ 
larly to those for the sodium-potassium reaction at a total concentration of 
tenth-normal and a temperature of 25° C. Two series of experiments were 
carried out, the one using caldum-saturated bentonite 7 and the other using 
ammonium-saturated bentonite 7; thus equilibrium was approached in both 
directions. The equilibrated mixtures were filtered, and the filtered solutions 
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were analyzed for both calcium and ammonium. The fina.! amounts of CaZ 2 
and NB 4 Z present in the mixtures were calculated as the difference between 
the total amounts of calcium and ammonium in the system and that found in 
the solution. The experimental data are presented in tables 8 and 9. 

In column 9, tables 8 and 9, are given the values for a dibasic complex an¬ 
ion; the values are the same for both the mixed crystal hypothesis and for 
Kerr’s method of dealing with the solid phases. Column 10 gives the values 
for the equilibrium constant for a monobasic anion calculated by the use of 
equation F, Kerr’s equation. The last column contains the constant for a 
monobasic anion calculated by the use of equation G for the mixed crystal 
h 3 q)othesis. 

It is evident that equation G gives a very much better representation of 
these experimental data than does Kerr’s equation; thus it seems probable 


TABLE 9 

Experimental data for hentonite 7for the reaction Z NH 4 Z + ** CaZ% -f 2 equUtbrium 

approached from the right 


(Concentrations esqpressed as milligram equivalents per liter) 


nnTXAI. CONCaSMTKATIONS 

riKAl. CONCXNTSAIIONS 

SQUXUBSXmC CONSTAmS 

By analysis 

Calculated 


Monobasic anion 

_ 

NBiZ 

CaZs 

NH4+ 

Ca'H* 

NH*+ 

Ca++ 

NHiZ 

CaZs 



£qua> 

UonG 

0.0 

20.0 

20.0 

80.0 

17.6 

82.4 

2.4 

17.6 

28 

11.5 

130 

0.0 

40.0 

40.0 

60.0 

31.8 

68.2 

8.2 

31.8 

57 

7.0 

169 

0.0 

60.0 

60.0 

40.0 

42.5 

S7.8 

17.5 

42.2 

75 

4.3 

166 

0.0 

80.0 

80 0 

20.0 

51.4 

49.7 

28.6 

50.3 

94 

3.3 

■ Tm 

0.0 

100.0 

100.0 

0.0 

57.6 

43.7 

42.4 

56.3 

102 

2.4 

mm 

0.0 

80.0 

100.0 

0.0 

62.8 

39.1 

37.2 

40.9 

112 

3.0 


0.0 

60.0 

100.0 

0.0 

67.8 

33.1 

32.2 

26.9 

116 

3.6 

164 

0.0 

40.0 

100.0 

0.0 

74.7 

25.7 

25.3 

14.3 

122 

4.8 

156 

0.0 

20.0 

100.0 

0.0 

85.2 

15,5 

14.8 

4.5 

142 

9.6 

163 


that for this particular bentonite the partial substitution of one cation for 
another produces a mixed crystal or solid solution rather than two solid phases 
behaving either as independent phases or as if in solution. 

By taJdng the logarithms of equations F and G they can be written in the 
forms 




and 


log 




CaZj(CaZ, + NHiZ) 


]- 


logX 


(M) 


(/) 


NH42? 
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respectively. Both of these equations are in the form of the straight line 
equation with a slope of unity. The data in table 9 are plotted as the solid 

/Ca++\ 

circles in figure 2 according to equations H and I; the quantities log 

, j. , . . . I CaZ2 \ j, rCaZ2 (CaZ2+NH4Z)"j 

the ordinates, and the quantities log j and log - NH 4 Z® J 

are the abscissas. The curve on the left is the one for equation H and 


the one on the right is for equation I. Figure 2 shows graphically what was 
brought out in tables 8 and 9 , that the mixed crystal hypothesis offers a better 
explanation of the behavior of tliis bentonite than does Kerr’s equation. Both 



EeG. 2. EQUItIBKrA IN THE CALCIDM-AMMOinUM EXCHANGE REACTIONS OP BeNTONITE 

7 AND Soil Colloid 431 


the lines in figure 2 are drawn with the theoretical slope of unity, and the ex¬ 
perimental points should faU on or near the line. This they do when plotted 
according to the mixed crystal equation, but do not when plotted according 
to Kerr’s equation. 

The open circles in figure 2 represent a few somewhat similar experiments 
with soil colloid 431 and are plotted in the same maimer as the bentonite data. 
The experimental data for these experiments with soil colloid 431 are given in 
table 10 . 

These experiments with soil colloid 431 were performed at a temperature of 
25®C., the solutions were analyzed for both calcium and ammonium; and the 
quantities CaZ^ and NH4Z were calculated by difference. It will be noted that 
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a constant amount (100 m. e. per Kter) of the material was used in these exper¬ 
iments, and for this reason there is little to choose between the two h 3 ^otheses; 
the constants of both equations F and G are fairly uniform, those calculated 
by Kerr’s equation being perhaps a shade more constant. But it is only by 
varying the amount of bentonite used that the inadequacy of Kerr’s formula 
is brought out. The equation for the equilibrium constant derived on the 
assumption of mixed crystal formation brings the data for soil colloid 431 into 
accord with that of bentonite 7. In contrast to this, only one of the bentonite 
7 points (the one in which 100 m.e. per liter were used) falls on the line passing 
through the soil colloid 431 data when plotted according to equation H. The 
applicability of any theoretically derived formula should not be limited by the 
necessity of using a constant amount of base-exchange material, as Kerr’s 
equation obviously is. 

Kerr (6) studied the calcium-ammonium exchange reaction for an oxidized 
Hawaiian soil. He used the same amount of soil throughout his series of ox- 

table 10 

Experimental daia for soil colloid 431 for the reaction 2 NHaZ + Ca'^ = CflZa + 2 NHa^, 
equilibrium approached from the right 
(Concentrations expressed as milligram equivalents per liter) 


INHIAX CONCENTRATIONS 

EZNAL CONCBNTBATIONS 

EQUIUBBnnC 

CONSTANTS 

NH 4 Z 



Ca++ 

NH 4 + 

Ca++ 

NHiZ 

CaZs 

Egua^ 

tiouF 

Equa¬ 
tion G 

0,0 

100.0 

69.8 

30.1 

40.2 

61.4 

29.6 

68.7 

2.06 


0.0 

100.0 

99.8 

0.0 

57.2 

43.6 

42.6 

56.4 

2.29 

Wm 

30.0 

70.0 

99.8 

0.0 i 

72.7 

29.4 

57.1 

40.6 

2.24 


60.0 

40,0 

99.8 

0.0 

87.3 

15.1 

72.5 

24.9 

2.19 

183 


periments, consequently his data give constant values for the equilibria 
constants when substituted into his equation. His data, when substituted into 
the mixed crystal equation, give a value of about 75 for the reaction constant, 
as compared to a value of about 170 for bentonite 7 and soil colloid 431. This 
difference is in all probability due to the fact that Kerr used a different soil 
from those used here; although other factors, such as differences in temperature 
and concentrations, no doubt also contribute to the difference. The investiga¬ 
tion of the sodium-potassium exchange reaction showed that there are at least 
two types of soils and bentonites from the standpoint of the jdiysical chemistry 
of the exchange reaction. 

HYSTERESIS OE THE EXCHANGE REACTION 

The phenomenon of hysteresis, or the failure to attain a true equilibrium, 
was mvestigated more fully. By using equivalent amounts (20 m.e. per liter) 
of calcium-saturated bentonite 7 and ammonium chloride solution, and am- 
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monium-saturated bentonite 7 with calcium coloride solution, equilibrium for 
the reaction 

2 MH4Z + Ca++ - CaZj + 2 NH.+ 

I 

was approached in both directions. One set of experiments was performed 
at room temperature with only 5 hours elapsing before the solutions were 
filtered off for analjrses. The olier set of experiments was given frequent shak¬ 
ing for 7 days at a temperature of 75®C. The experimental data are presented 
in table 11. The solutions were analyzed for calcium and ammonium; the 
quantities CaZ 2 and NH 4 Zi were calculated by difference and the equilibrium 
constants by the use of equation G. The ratio of the values for the “equalibria 
constants,” approached in opposite directions is given in the last column. It 
is evident from the values of this ratio, that the approach to a true equilibrium 

TABLE 11 

Effectqf time and temperature on tIteaUainment of equilibrium in the reaction 2 NS 4 IZ + Ca'^'^ 

- CaZa + 2NH4+ 

(Concentrations expressed in milligram equivalents per liter) 


IMITZAL COKCEfiTEBATlONS 

CONCEHTSATZONS 

EQXJILIB- 

SIUIC 

CON¬ 

STANTS 

SATIOOF 

XQX71LZB- 

sitnc 

CON¬ 

STANTS 

NH4Z 

CaZ, 



NH4+ 

Ca-H- 

NH4Z 

CaZi 


5 hours shaking at room temperature 


19.68 

0.0 

0.0 

20.06 

12.68 

Bi 

7.00 


73 

0.39 

0.0 

20.00 

20.12 

0.0 

14.37 


5.75 
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7 days shaking at a temperature of73°C. 

19.68 

0.0 

0.0 

20.06 

14.51 

5.84 

5.17 

14.22 

■1 

0.45 

0.0 

20.00 

20.12 

0.0 

15,90 

4.80 

4.22 

15.20 

■1 


is not significantly better in the experiments conducted at 75°C. for 7 days 
than in those at room temperature for only 5 hours. If it were a question of 
rate of reaction and sufficient time for the attainment of equilibrium, one 
would expect a much closer approach to a true equilibrium in those experi¬ 
ments conducted at a temperature of 75°C., at which temperature the rate of 
reaction would probably be 100 or so times greater. Furthermore, a similar 
set of experiments which were kept at a temperature of 75®C. for 2 days and 
then cooled and allowed to remain at room temperature for 5 days gave results 
almost identical with those obtained in the experiments conducted at room 
temperature (table 11). The values for the reaction constants were 90 and 
200, giving a ratio of 0.45. That experiment in which ammonium-saturated 
bentonite and calcium chloride solution were used had, on being heated to 
75®C., reacted to a greater extent than the system calcium-saturated bentonite 
and ammonium chloride solution does at room temperature; and yet on cool- 
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ing and standing at room temperature, little if any effect of the higher tem¬ 
perature remained. 

This phenomenon of h3rsteresis is not confined to bentonites, but occurs also 
in the exchange reactions of soils, permutites, and zeolites, as has already been 
mentioned. Neither is it true that all exchange reactions of one substance 
show this hysteresis. There is little indication of hysteresis in the reaction 

BaZj + Ca++ - CaZj + Ba++ 

as the data presented in table 12 show. These experiments were conducted 
at 40°C. for 2 dayB. The solutions were analyzed for both barium and cal- 


TABLE 12 

Experimental data for bentonite 7 for the reaction BaZ^ -|- 0^++ « CaZ^ + Bo++ 
(Concentrations expressed as milligram equivalents per liter) 


mrriAL coitceittbations 

7D7AL COKCEHTBATIONS 

SQTTILZB* 

snnc 

CON- 

STAITES 

BATI0 07 
SQUIUB* 
XIITIC 
CON¬ 
STANTS 

BaZa 

CaZj 

Ba-H- 


Ba++ 

Ca++ 

BaZs 


20.00 

0.0 

0.0 

20.00 

m 


9.58 

9.54 

10.50 

10.41 

10.42 

10.32 

9.SS 

9.59 

0.837 

0.851 

0.98 


TABLE 13 

Experimental data for bentonite 7 for the reaction BaZz + = CuZz + Ba^ 

(Concentrations expressed as milligram equivalents per liter) 


INITIAL CONCENTRATIONS 

FINAL CONCENTRATIONS 

1 

equiub- 

RIUU 

CON¬ 

STANTS 

RATIO OF 
EQtTILIB- 
RIUU 
CON¬ 
STANTS 

BaZa 

CuZa 

Ba++ 

Cu^+ 

Ba++ 

Cu++ 

BaZa 

CuZa 

20.00 

0.0 

0.0 

20.00 

0.0 

19.87 

19,98 

0,0 

9,38 

9.35 


m 

9.34 

9.39 


0.98 


cium; the quantities BaZ 2 and CaZ 2 were calculated by difference. Similarly, 
the reaction 


BaZ, + Cu++ » CuZa -f Ba++ 

shows little if any indication of hysteresis; the experimental data for this reac¬ 
tion are presented in table 13. These experiments were conducted at 40®C. 
for only 3 hours. The final solutions were analyzed for both copper and ba¬ 
rium. The final quantities of BaZ 2 and CuZ 2 were calculated by difference. 

Kerr (S) studied the calcium-magnesium exchange reaction; and in the case 
of the Miami silt loam equilibrium was approached in both directions with no 
evidence of any hysteresis for this reaction. 

HisschemSUer (3) studied the reaction 


NH 4 Z + Na+ « NaZ -h NH*+ 
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for permutites and found very marked hysteresis. By repeatedly transform¬ 
ing the permutite back and forth from a sodium-saturated to an ammonium- 
saturated condition at room temperature he found that the hysteresis was 
removed. The author subjected some bentonite 7 to 5 complete calcium- 
ammonium transformations and then investigated the calcium-ammonium 
exchange reaction for this material, but foimd no closer approach to a true 
equilibrium. 

The calcium-ammonium exchange reaction for soil colloid 431 was investi¬ 
gated in the same manner, the data beiug given in table 14. These experi¬ 
ments were conducted at room temperature for a period of 24 hours. The 
final solutions were analyzed for both calcium and ammonium; the final quan¬ 
tities of CaZ 2 and NH4Z were calculated by difference and the constants by 
equation G. The results are in fair agreement with the room temperature 
values of bentonite 7. 

This phenomenon of hysteresis maj^ possibly be related to some phase of the 
crystal structures of the base-exchange substances. The fact that none of the 


TABLE 14 

Experimental data for soil colloid 431 for the reaction 2 NH 4 Z + Cff"*”** *■ CaZ^ -j- 2 NEi^ 
(Concentrations expressed as milligram equivalents per liter) 


INITIAL CONO&NTSAXrONS 

IIN4L CONCENTRATIONS 

RQOILIB' 

RIDU 

CON¬ 

STANTS 

RATIO or 
EQtJJLZB- 
RIUIC 
CON¬ 
STANTS 

NH 4 Z 

CaZs 

NH4^ 

Ca+»- 

NH 4 + 

Ca++ 

NHtZ 

CaZs 

19.40 

0.0 

0.0 

20.00 

0.0 

19.98 



8.09 

6.29 

7.25 

6.00 

n 

54 

153 

0.35 


exchange reactions involving two divalent cations showed appreciable hystere¬ 
sis in the case of the bentonite 7 seems of significance to the author, especially 
when one remembers that this bentonite contains only divalent cations. The 
author, however, offers no explanation of this phenomenon. 

sraaiARY 

The author realizes that this work can be considered only as being of a pre- 
liminaiy nature, as too few soil colloids, bentonites, and zeolites have been 
investigated to draw any sweeping conclusions. But the few results thus far 
obtained confirm the conclusions of other investigators that the base-exchange 
constituents of soils and bentonites are remarkably similar, and that permu¬ 
tites and zeolites differ from the base-exchange complex of soils in many respects. 

The investigation of the sodium-potassium exchange reactions of bentonites 
and soil colloids showed that there are at least two and very probably more 
classes of bentonites and soil colloids. The results further inicate that the 
base-exchange complex anions of bentonites and soils are monobasic, in har¬ 
mony with the work of Kerr. 
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The results of the experimental investigation of the calcium-ammonium ex¬ 
change reactions of a bentonite and a soil colloid can best be interpreted by the 
h 3 rpothesis of the formation of a mixed crystal when one replaceable cation is 
partially replaced by another cation. 

The sodium-potassium and the calcium-ammonium exchange reactions of all 
the materials that were studied showed pronounced hysteresis, or failure to 
attain ^^true” equilibria. An attempt to remove, by repeated transformation, 
the hysteresis in the calcium-ammonium exchange reaction of a bentonite 
failed to reduce it appreciably. On the other hand, in the case of the benton¬ 
ite, none of the exchange reactions involving two divalent cations showed any 
appreciable amount of hysteresis. Experimental evidence indicates that it 
probably is not a question of rate of reaction or insufficient time for the attain¬ 
ment of equilibrium, but is probably a phenomenon associated with the crys¬ 
tal structure of the alumino-silicates. 
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In a previous communication the authors have discussed the effect of heat 
and dehydration upon the acidity of suspensions of soil, and have shown that 
the increased acidity observed is accompanied by a diminution of the content 
of exchangeable bases, and an increase in the amount of those present in the 
solution in contact with the soil (3). 

The object of the work which is contained in the present paper is to obtain 
further information upon the extent of these changes, and to trace the effect 
of these changes upon the associated anion. 

EXPERIMENTAL METHODS 

The method employed in measuring the pH of the soils was that described 
by Bxilman (2). A list of the soils employed together with their mechanical 
analyses, which were worked out irnder the new international method, is given 
in table 1. 

INVESTIGATION OE THE EEPECT OP HEATING UPON THE EXCHANGEABLE AND 
WATER-SOLUBLE BASES OP SOILS 

Previous experiments showed that the total exchangeable bases in soils were 
less after heating the soil in a steam oven than in the original soil. The total 
bases in that .work were estimated by the acid neutralization method (3). 

In the present work the bases were estimated individually. The soils were 
leached with normal ammonium chloride and also with water. The ammo¬ 
nium chloride extract will contain the exchangeable bases, plus the water- 
soluble bases, so that the difference between the bases in the ammonium chlo¬ 
ride extract and those in the water extract gives the amount of exchangeable 
bases. The experimental details were as follows: 

In every case, 30 gm. of the damp soil and 25 gm. of the soil previously 
heated for 48 hours in the oven were used. The soil was weighed out into a 
beaker and 100 cc. of hot normal ammonium chloride solution added and the 
mixture was left to stand with occasional stirring overnight. At the same time 
another exactly similar experiment was performed using water instead of am¬ 
monium chloride. In aU cases the ammonium chloride and water leachings 
were done side by side. After standing overnight the liquid was decanted 
through a filter and the soil was washed on to the filter with ammonium chlo- 
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ride and water respectively- The leaching was then continued until the vol¬ 
umes of the respective filtrates were exactly 1 liter. The bases calcium, mag¬ 
nesium, potassium, sodium, were then estimated in the ammonium chloride 
and water extracts, and the results expressed as milligram equivalents of base 
per 100 gm. of dried soil- 

In the case of the soil 4, which contains calcium carbonate, a similar leaching 
with normal sodium chloride, instead of ammonium chloride, was performed 
for the estimation of the calcium. 


TABLE 1 

Mechanical analysis of ike soils 


OSIGZN A2ID DESCSIPIION OF SOILS 

LOSS ON 
IQNinON 

COASSE 

SAND 

FINS 

SAND 

SILT 

CLAY 

CALCIUM 

CASSON- 

ATS 


per cetU 


percent 

percent 

percent 

percent 

1. Downwash from plateau gravel on 
Kimeridge clay over Coral rag, 







forest soil. 

13.27 


12.38 

10.85 

26.30 

.... 

2. Downwash from plateau gravel on 
Kimeridge clay over Coral rag, 







forest soil. 

13.00 

7.32 

33.70 

20.35 

28.42 


3. Kimeridge clay, pasture soil. 

10.67 

13.67 

20.94 

22.16 

33.42 

.... 

4. Middle lias calcareous ironstone, 







arable loam. 

10.S9 

14.72 

26.88 

24.00 

27.02 

0.06 

S. Kimeridge clay forest subsoO. 

4.78 

17.33 

22.34 

19.05 

34.81 

.... 

6. Red loam soil from Devon.! 

7.82 

24.10 

25.23 

21.35 

22.95 


7. Fen soil from Peterboro District, 







Northants. 

29.93 

9.08 

11.70 

17.33 

35.87 


8. Soil from edge of fens, Cambridge.. 

10.15 

0.26 

15.42 

28.30 

47.57 

1.19 

9. Soil from edge of fen, Cambridge_ 

14.14 

0.56 

26.94 

23.77 

36.25 

0.35 

10. Laterite from Sierra Leone, W. 







Africa. 

14.95 

29.08 

6.98 

11.60 

48.40 

.... 

11. IbadaJruli soil, Tanganyika, £. 







Africa. 

3.93 

47.15 

23.56 

5.60 

21.65 

.... 

12. Kondoa-Irangi Dodoma, Tangan¬ 







yika, E. Africa. 

5,95 

14.76 

11.04 

16.65 

57.75 

.... 

13. Peat from Co. Wicklow, Ireland_ 






.... 

14. Kimeridge day, heavy pasture soil.. 

14.25 

2.62 

6.20 

17.54 

60.72 

.... 

15. Old red sandstone, clay subsoil, 







Hereford. 

2.57 

3.53 

23.38 

47.87 

23.00 

.... 

16. Old red sandstone, day subsoil. 







Hereford. 

4.13 

1.17 

15.06 

51.27 

32.42 

.... 


The calcium was estimated by precipitation as oxalate and titrating with 
permanganate the oxalic acid formed by the action of sulfuric acid upon this. 
The magnesium was estimated by precipitation as phosphate and weighing, 
the potassium by weighing as perforate, and the sodium by weighing as 
suKate. The results are given in table 2 and show clearly that the amounts of 
bases present in the ammonium chloride extracts are the same before and 
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after heating, but that there are more water-soluble bases after heating than 
there were before. Consequently there are less exchangeable bases in the soil 
after the dr 3 dng, thus confirming the previous work. Further, these results 

TABLE 2 

Effect of 48 hours^ heat on ike soils 
Results expressed in milligram-equivalents per 100 gm, dry soil 



BSFOBE HEATING 

ATTEE HEATING 

BASE 

NHiCl 

extract 

Water 

extract 

Ex- 

changea-{ 
ble bases 

Nma 

extract 

Water 

extract 

Ex¬ 
changea¬ 
ble bases 


Soill 


Calcium. 

39.46 

1.72 

37.74 

39.44 

3.12 

36.32 

Magnesium. 

2.72 

0.21 

2.51 

2.76 

0.86 

1.90 

Potassium. 

0.81 


0.52 

0.81 

0.35 

0.46 

Sodium. 

1.91 


1.43 

1.93 

0.65 

1.28 

Total. 

44.90 

2.70 

42.20 

44.94 

4.98 

39.96 


Soil 2 






Caldum. 

34.72 

1.17 

33.55 1 

34.65 

2.74 

31.91 

Magnesium. 

2.26 



2.19 

0.18 

2.01 

Potassium. 

0.72 



0.76 


0.33 

Sodium. 

3.14 

1.40 



1.85 

1.35 

Total. 

40.84 

2.82 

38.02 

40.80 

5.20 

35.60 


Soils 


Caicium. 

16.40 

2.42 

0.78 

i 

15.64 

2.21 

0.64 

16.31 

2.78 

0.71 


14.51 

1.92 

0.46 

Magnesium. 

Potassium. 

Total.. 

19.60 

1.11 

18.49 

19.80 

2.91 

16.89 



Calcium..., 
Magnesium. 
Potassium., 
Sodium ..., 

Total.... 


SoU4 


22.44 

iia 

20.66 

22.76 

3.48 

19.28 

1.53 


1.21 

1.52 

0.54 

Bsa 

0.63 

mm 

0.42 

0.61 

0.30 

in 

2.11 

0.90 

1.21 

2.12 

0.97 

1.15 

26.71 




5.29 

21.72 


indicate that the heating has the effect of changing some of the exchangeable 
bases into water-soluble bases. 

EEEECT OE ALTERNATE WASHING AND DRYING ON THE pH OE SOILS 

It was discovered while experimenting with soil 5 that, although boiling up 
the dried soil with water and evaporating off the water had no effect on the pH 
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TABLE 3 

Effect iff alternate wasMng and drying on pE of soils 



son. 12 
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TABLE 3-Con-luded 




• 

< 






■ 



CO 


i 

1 

1 

1 

i 

I 


s 


O 

OB 

i 

w 

pH after washing and reheating for 
48 hours. 





3.59 

2.62 

3.15 





pH after washing and reheating for 
48 hours. 





3.36 

2.95 





pH after washing and reheating for 
48 hours. 





3.38 

3.26 


3.11 





pH after washing and reheating for 
48 hours. 





.... 

2.72 





pH after washing and reheating for 
48 hours. 





3.04 





dH of heated base-free soils. 

2.84 


2.99 

3.00 

2.83 

2.58 

2.58 

2.81 

2.50 

1.81 

2.56 


* Soil 2, after treatment with hydrogen peroxide. 


of the soil, leaching the dried soil with distilled water and again heating, caused 
the pH to fall. On repeating the procedure several times the pH became con¬ 
stant at a figure closely approximating the pH of the base-free soil prepared by 
leaching with dilute hydrochloric acid, and in addition the soil was found to 
contain no exchangeable bases. 

Further experiment on soil 2 demonstrated the fact that merely leaching the 
heated soil with water caused the pH to rise slightly as a result of partial re¬ 
covery of the soil, but that on heating this leached soil for 48 hours the pH fell 
again to a figure below that of the soil before the leaching was commenced. 

Again, the effect of boiling up the soil with water before leaching was in¬ 
vestigated, and this showed that such treatment did not produce a bigger de¬ 
crease in pH than the leaching with cold water alone. As a result of these 
experiments it was decided to investigate the effect of alternate leaching and 
drying on a number of different soils. 

About 200 gm. of the soil was used at the start of each experiment, and each 
soil was first heated for 48 hours in the steam oven at approximately 98®C. 
The pH was measured and then the soil was leached with about 2,000 cc. of 
water. The washing was done by decantation in a beaker, aU the liquid being 
run through a filter so as to avoid any loss of fine material. At the conclusion 
of the leaching the soil was washed off the paper and beaker with hot water 
into an evaporating dish, and the liquid was evaporated off on the water bath. 
The soil was then passed through a 1-mm. sieve and heated for 48 hours in the 
oven again. The whole process was then repeated a number of times and the 
results are given in table 3. In the case of soil 7 the experiment had to be 
stopped before the end of the reaction because all the soil had been used up. 

The results showed that in all cases except soils 2,12, and 13, the pH tended 
to become constant at a value approximating that of the base-free soil prepared 
by leaching with dilute hydrochloric acid. 
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It is interesting to note that the reaction of the peat soil 13, although be¬ 
coming more acid after the original heating in the oven, remained constant 
following the subsequent washing and drying operations. This indicates that 
the changes occurring in the other soils are a function of the inorganic constit¬ 
uents of the soils. 


TABLE 4 


Effect of aUernate washing and drying on the water-soluble constituents of soil 
Results in mgm. per 100 gm. dry soil 
Soil 6* 



CALCimi 

ALUMiNnai 

Sm^FATE 

A 

40.46 

1.88 

103.60 

B 

28.55 

0.88 

70.56 

C 

20.22 

2.17 

60.65 

D 

17.30 

3.38 

55.70 

E 

15.06 

2.26 

38.98 

F 

11.98 

3.60 

42.70 

G 

6.29 

2.54 

37.13 

H 

5.24 

3.32 

30.94 

I 

8.24 

3.61 

37.13 

j 

5.99 

3.39 

47.02 

R 

5.99 

3.60 

63,10 

L 

2.99 

4.03 

69.95 

M 

2.55 

3.60 

30.94 

N 

1.50 

3.39 

37.13 

0 

1.05 

3.39 

34.03 

P 

1.50 

3.80 

41.46 

Q 

3.75 

4.23 

54.45 

R 

2.25 

3.68 

55.70 

S 

1.20 

4.45 

32.19 

T 

4.49 

3.84 

33.42 

U 

3.75 

3.68 

44.55 

V 

4.49 

3.93 

34.03 

w 

3.75 

3.60 

35.28 

X 

1.50 

3.45 

25.99 

Y 

1.50 

3.84 

23.52 

Z 

1.05 

3.60 

21.05 

a 

0.72 

3.76 

43.93 

b 

0.72 

3.53 

37.13 

c 

0.00 

3.38 

29.70 

d 

0.00 

3.45 

33.42 

e 

0.00 

4.51 

41.51 

f 

0.00 

4.51 

26.18 

Total. 

204.08 

110.28 

1,373.07 

Exchangeable calcium left 

in soil. 

0,00 



Total exchangeable cal¬ 



cium . 

202.30 
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Soil 14^ 



CALCXUM 

ISON 

ALUIUNTTH 

SULFATE 

FSOSPSATE 

A 

80.40 

0.5 

2.25 

394.4 

Trace 

B 

57.00 

1.22 

2.0 

340.0 

5.04 

C 

52.60 

2.92 

2.25 

252.0 

5.60 

D 

46.00 

2.05 

3.0 

236.0 

5,80 

E 

42.40 

4.43 

3.0 

148.0 

5.71 

F 

34.40 

4.56 

3.0 

228.0 

5.09 

G 

28.60 

3.76 

3.0 

132.0 

4.08 

H 

24.00 

7.49 

4.0 

148.0 

3.90 

I 

38.00 

8.77 

7.0 

148.0 

3.09 

j 

20.00 

msmm 

9.0 

152.8 

2.50 

K 

16.0 

11.43 

10.0 

194,4 

2.00 

L 

18.0 

11.43 

10.0 

84.0 

1.60 

M 

20.93 

8.25 


110.4 

1.16 

N 

11.6 

11.80 

12.0 

132.0 

1.26 

0 

12.4 


8.0 

95.2 

0.72 

P 

4.4 


8.0 

60.0 

0.32 

Q 

2.67 

8.75 

8.0 

68.0 

0.64 

R 

2.8 

8.12 

7.0 

76.0 

0.47 

S 

3,73 

8.32 

8.0 

64.0 

0.40 

T 

2.67 

2.88 

3.2 

30.4 

0.59 

U 

2.4 


4.0 

32.0 

1.12 

V 

2.4 

3.75 

4.0 

27.4 

1.12 

w 

2.0 

3.62 


25.6 

0.93 

X 

2.4 



36.0 

0.55 

Y 

2.27 



21.6 

0.48 

z 

2.0 

3.65 


21.6 

0.79 

a 

2.4 

3.44 

3.0 

30.4 

0.50 

b 

1,6 


3.0 

22.66 

0.70 

c 

1.33 

2.78 

3.0 

17.2 

0.30 

d 

2.0 

3.50 

3.0 

25.2 

0.46 

e 

0.8 


3.0 

44.0 

0.51 

f 

0.8 

1.11 

2.0 

33.2 

0.31 

g 

1,04 

1.58 

3.0 

22.8 

0.45 

b 

0.8 

2.37 

1.0 

6.8 

0.16 

i 

0.8 

1.33 

1.0 

16.0 

0.13 

j 

0.8 

1.77 

2.0 

26.0 

0.39 

k 

1.2 

1.69 

1.0 

10.0 

0.17 

1 

1.04 

1.55 

1.0 

14.8 

0.14 

m 

0,8 

1.82 

1.0 

6.0 

0.20 

n 

0.8 

1.45 

2.0 

18.0 

0.08 

o 

0.8 

1.06 

1.0 

10.0 

0.04 

p 

0.8 

1.80 

1.0 

15.2 

0.00 

q 

0.64 

1,04 

1.0 

16,0 

0.04 

r 

0.64 

0.44 

1.0 

10.0 

0.05 

s 

0.00 

0.80 

1.0 

8.0 

0.05 

t 

0.00 

0.66 

1.0 

7.2 

0.05 

XI 

0.00 

0.99 

0.5 

6.8 

0.10 

Total. 

551.16 

194.68 

178.8 

3,624.06 

59.79 

Excbangeable calcium 





remajnipg in anil. 

0.00 

I 









Total exchangeable cal- 






ciuTn , . - . .. 

. 560,00 
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TABLE ^-Conduded 


Soil m 



CAICXUM 

X&ON 

ALUMINUU 

SX7LFATE 

CHLOBIDE 

A 

12.12 

0.86 

3.33 

21.41 

4.23 

B 

4.0 


1.0 

13.2 

3.50 

C 

3.2 

0.37 

0.25 

11.2 

Nil 

D 

6.67 

1.0 

2.0 

31.2 

Nil 

E 

4.0 

1.33 

2.0 

23.2 


F 

4.0 

1.5 

1.0 

23.2 


G 

1.33 


1.0 

16.4 


H 

2.96 

0.67 

1.0 

10.0 


I 

1,2 

0.90 

1.0 

9.2 


j 

0.8 

1.66 

0.5 

5.2 


K 

0.56 


1.0 

11.2 


L 

2.0 


0.25 

5.2 


M 

0.8 

0.62 

1.0 

9.2 


N 

0.0 


0.5 

4.2 


0 

0.8 

1.03 

1.0 

6.0 


P 

0.8 

1.12 

1.0 

6.8 


Q 

1.2 

0.32 

1.0 

10.8 


R 

0.0 

0.33 

0.5 

4.0 

i 

S 

0.0 

0.28 

0.45 

2.8 


T 

0.0 


0.4 

3.2 


Total. 

46.44 

16.26 

20.18 

227.61 

7.73 

Exchangeable calcium 

left in soil. 

182.60 

I 





Total exchangeable cal¬ 





cium. 





.... 


SoUJ6% 



cAjLcnnc 

ISON 

ALUaHNUU 

SITLFATE 

raOSSHATE 

CHXiOSXDE 

A 

2.93 

0.92 

3.0 

30.0 

Trace 

0.70 

B 

2.67 


3.0 

26.0 

Nil 

Nil 

C 


0.70 

3.0 

27.2 

Nil 

NU 

D 

1.33 

0.88 

1.0 

24.0 

Trace 


E 

1.33 

1.50 

1.0 

14.0 

NU 


F 

1.20 

0.77 

1.0 

11.2 

NU 


G 


0.64 

1.0 

6.8 

Nil 


H 


0.71 

1.0 

8.0 



I 

0.56 

1.06 

1.0 

9.2 



J 

■SSB 

0,58 

1.0 

7.6 



K 

Wmm 

0.71 

0.5 

5.2 



L 

HI 

0.75 


7.6 



Total. 

14.42 

9.92 

17.5 

176.8 


0.7 

Exchangeable 


calcium left in 
soil. 

0.00 






Total exchange¬ 
able calcium... 






12.60 




. 



* Soil 6 A nitrite preseat, chloride nil; 6 B nitrite faint trace, chloride nil; 6 C nitrite very 
faint trace, chloride nil; 6 D chloride nil. 

t Soil 14 A nitrate trace; chloride nil; 14 B nitrate and chloride nil; 14 C nitrate nil. 
t Soils 15 A and B phosphate and nitrate nil, 15 C phosphate niL 
§ Soils 16 A and B nitrate nil. 
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The object of the next set of experiments was to discover the anions in com¬ 
bination with which the bases came into the water solution during the process 
of alternate heating and washing the soils. Preliminary qualitative experi¬ 
ments showed that considerable quantities of sulfates were present in the 
aqueous extracts. As a result of this it was decided to make quantitative 
estimations of sulfates in the solution and also of other anions such as chloride, 
nitrate, phosphate. The following procedure was adopted: Twenty-five 
grams of soil which had been heated for 48 hours at 98®C. in the water oven 
were taken. The soil was placed in a beaker with 100 cc. of distilled water 
and left overnight with occasional stirring. The liquid was then decanted 
through a hard filter paper into a liter flask, after which the soil was all washed 
on to the filter. The soil was then leached with distilled water until the filtrate 
was exactly 1 liter. Estimations of the calcium, sulfate, etc., in this solution 
were made and the results are given as A in table 4. The soil was then heated 
for 48 hours in the oven without removing it from the filter paper, after which a 
liter of water was leached through it. The results of the analysis of this extract 
are given as B in table 4. The procedure was then repeated a number of times 
untfl all the calcium had been removed, the results being given as C, D, E, F, 
etc,, in table 4. 

The calcium was determined by precipitation as oxalate and titration with 
potassium permanganate, the iron by a colorimetric method with ammonium 
thiocyanate, the aluminum by the colorimetric method of F. W. Atack with 
alizarin S (1), and the phosphate by the colorimetric method of F. W. Parker 
and J, F. Fudge (5). 

The sulfate was determined by weighing as barium sulfate in the case of soil 
6, and in the other soils by the colorimetric method of Gedroiz (4). In addi¬ 
tion the amount of exchangeable calcium was determined in the original soil 
and also the amount of exchangeable calcium remaining after the leaching and 
drying operations. 

The results show that with the exception of soil 15 the total calcium in the 
water extracts is equal to the amount of exchangeable calciiam originally present 
in the soil, and that, soil IS again excepted, the soils at the end of the treatment 
contain no exchangeable calcium. This indicates that in certain soils it is 
possible to remove all the exchangeable calcium, and doubtiess all the other 
exchangeable bases, by this processof alternate heating and leaching. Further, 
the results indicate that the exchangeable bases come into solution almost en¬ 
tirely as sulfates. 

It seems in addition that the iron and aluminum also come into solution as 
sulfates. In the case of soils 6 and 14 a large quantity of sulfate was available 
to come into solution and in both these soils all the exchangeable calcium was 
removed by the washing and drying operations. In the case of soils 15 and 16 
comparatively little sulfate could come into solution. Soil 16 contained very 
little exchangeable calcium and there was enough sulfate available to cause 
the removal of all this calcium. Soil IS, however, contained considerably more 
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exchangeable calciim and there was not enough sulfate coming into solution 
to bring out all of it, hence the removal of calcium was incomplete. 

It is noteworthy that the iron and aluminum sulfates continue to come into 
solution after all the exchangeable calcium has been removed. A qualitative 
test proved that the soils still contained sulfates even after the prolonged 
leaching and dr 3 dng operations. Possibly the sulfate is absorbed in the soil 
complex as sulfates of iron and aluminum, and the chying of the soil releases 
some of these salts which react with the exchangeable bases of the soil. 

The experimental work has demonstrated the following facts: 

1. The amounts of bases extractable by ammonium (or sodium) chloride are the same be¬ 
fore and after heating the soiL 

2. There is an increase in water-soluble bases after heating the soiL 

3. Alternate washing and heating the soils cause the pH to fall to a figure approximating 
that of the base-free soils, except in the case of the peat and the soil from Dodoma, 
Tanganyika. 

4. It is posable in some soils to remove all the exchangeable bases by a process of alternate 
washing and drying at 98®C. 

5. Tke bases go into solution largely as sulfates. 

6. The iron and aluminum also go into solution as sulfates and continue to come into solu¬ 
tion after all the calcium has been removed. 

7. The amount of bases removed from the soil in the water extract after heating depends 
on the quantity of SOi' which can come into solution. 

8. The soils still contain sulfates at the end of the washing and heating operations. 
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STUDIES ON THE BLUE COLOREMETRIC METHOD FOR THE 
DETERMINATION OF PHOSPHORUS^ 
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A review of the various blue colorimetric methods proposed for the deter¬ 
mination of phosphorus indicated that no one method^ had been critically tested 
with reference to the possible effect of such concentrations of salts as are found 
in many soils and irrigation waters of semiarid regions. In a study of this 
question certain additional information was obtained. It is the purpose of this 
paper to present briefly the results of this work. 

EXPERIMENTAL 

The method employed in this investigation is that outlined by Truog and 
Meyer (2). As ordinarily used, 4 cc. of a reagent containi n g 2.5 per cent 
ammonium molybdate in 10 iV sulfuric acid is added to the solution to be tested, 
the volume increased to 99.5 cc., and then while the volume is being shaken, 
6 drops of a 2.5 per cent solution of a stannous chloride added. The blue color 
developed if phosphate or arsenate be present is then compared with similarly 
prepared standards. Under certain conditions it is desirable to keep the am¬ 
monium molybdate and add as separate reagents, but in any case the final pro¬ 
portions used should be as indicated in the foregoing. 

Effect of varying amounts of stannous chloride 

In connection with the use of permanent standards ( 1 ), attention has been 
directed to the fact that stannous chloride solutions supposedly protected from 
the air by mineral oil will, nevertheless, gradually oxidize. This oxidation is 
caused by the diffusion of the oxygen of the air through the oil layer. To ob¬ 
tain quantitative information on the effect of small and large variations of 
stannous chloride, a series of solutions containing the same quantities of PO 4 
was prepared, different amounts of this reagent were added to each solution, 
and at frequent intervals during the period of one hour, comparisons of the 

1 Paper No. 258 University of California Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 

* Toward the dose of this investigation a method was published by Zinsadze (4) in which 
the necesrity for using a reducing agent is eHminated. He has reported the effect of varying 
quantities and kinds of salts on the determination. 

19 *; 
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color intensity developed were made with permanent glass color standards.® To 
compensate for the gradual appearance of a greenish brown tint, which is caused 
by the action of stannous chloride upon the ammonium molybdate itself, solu¬ 
tions containing all the reagents minu s phosphate were prepared and placed 
in the control compartment of the Hellige Comparator. Thus the readings 
represent only that color produced by the ammonium phosphomolybdate itself. 
The data obtained are recorded in table 1. The relation between the amount of 
stannous chloride added and the maximum color attained is shown more clearly 
in figure 1. Up to 0.60 mgm. SnCl 2-21120 the color is proportional to the 
amount of reducing agent added. Larger quantities create definite but rela¬ 
tively small increases in color. The addition of 7.38 mgm. SnCL *21120 cor¬ 
responds to the quantity used by Truog and Meyer (2). It is evident that 
fairl}" large deviations from this amount will effect but minor variations in color. 


TABLE 1 

Effect of varying amomiis of SnCh^ZH^ on total color produced from a given POi concentration 



In addition to the foregoing information these data permit some speculation 
regarding the chemistry involved m this reaction. It will be noted that 
amounts in excess of 0.60 mgm. SnCl 2 - 2 H 2 O give a majciTuum color correspond¬ 
ing to a reading of more than 3.2; however, upon standing, the color fades back 
to this same levd and then remains apparently constant for a long period. 
This suggests that two or more blue colored compounds are formed, one easily 
reduced and relatively stable, the other more difficulty reduced and stable only 
in the presence of excess reducing agent. Wu (3) has presented evidence whicit 

* These color standards, ten m number, are mounted on a circular frame especially de¬ 
signed for use in the Hellige Comparator. Each standard is designated by an Arabic 
numeral and varies sufficiently in color intenaty from those adjacent to permit interpolated 
readings. 
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indicates that phospho-molybdate complexes can be reduced to different oxida¬ 
tion products. The aforementioned interpretation is thus in harmony with his 
data. 

Effect of SiOt 

According to Tniog and Meyer (2), Si02 may be present in the final solution 
in concentrations up to 700.0 p,p.m. without interfering with the usual phos¬ 
pho-molybdate color. It has been found, however, that this noninterference 
depends upon the manner in which the acid and molybdate reagent are com¬ 
bined with the solution being tested. In solutions of low acidity Si02 will unite 
with molybdate to form a yellow silico-molybdate. This compound will then 
persist even after the acidity is increased to that concentration requisite for the 
phospho-molybdate reduction. Upon the addition of stannous chloride this 
silico-molybdate compound wUl be reduced to a blue color. After a careful 



study of various methods of combining reagents it was found that conditions 
are most favorable for the formation of the aforementioned compound when 
the molybdate reagent is mixed first with the unknown followed then by the 
slow drop by drop addition of acid. Under these circumstances as little as 0.5 
p.p.m. Si02 may produce a blue color. On the other hand, if the acid is first 
added and then the molybdate drop by drop, as much as 700 p.p,m. SiOa may 
be present without interfering. 

If the molybdate and acid are united as one reagent the chances of interfer¬ 
ence by Si02 are greatly diminished but stfil not entirely eliminated. For ex¬ 
ample, if the first cubic centimeter of acid-molybdate reagent is added drop by 
drop to a slightly alkaline or neutral solution containing Si 02 , some silico- 
molybdate will be formed. If, however, this procedure is reversed by adding 
the solution to the acid-molybdate reagent, conditions of acidity are such as to 
prevent the formation of this compound. 
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With phosphate or arsenate the manner of combining the acid and molybdate 
with the solution has no apparent influence upon the formation of their respec¬ 
tive molybdates. The determination of SiOs in the presence of phosphate or 
arsenate is thus made possible. 

Influence of iron 

The author has confirmed the results of Truog and Meyer (2) in which 
they found that/errfc iron, in amounts exceeding 4r-6 p.p.m. interferes with the 
determination. This effect can be eliminated by reducing the ferric iron. 


TABLE 2 

Eflect of ferrous iron upon phosphorus det&rminaiion 


CONCEmrSATION OF FESSOUS 
ISON m FZMAL SOLUTION 

INTERVAL BETWEEN ICAEING 
TO FINAL VOLUUE AND 
ADDITION OF SllCl3!'2H50 

CONCENTRATION PO 4 IN 
STANDARD 

CONCENTRATION PO 4 
FOUND 

p.p,fn. 

minutes 

p,pM, 

p.p.m. 

10.0 

None 

0.76 

0.74 

10.0 

None 

0.76 

0.75 

10.0 * 

None 

0.76 

0.75 

10.0 

1.0 

0.76 

0.66 

10.0 

3.0 

0.76 

0.54 

10.0 

5.0 

0,76 

0.50 

10.0 

15.0 

0.76 

0.48 

10.0 

90.0 

0.76 

0.47 

10.0 

960.0 

0.76 

0.48 


TABLE 3 

Influence of varying concenirations of ferrous iron on diminution of blue color 


CONCENTRATION OF FERROUS 
IRON m FINAL SOLUTION 

INTERVAL BETWEEN IfAEING 
TO FINAL VOLUME AND 
ADDITION OF SnCls 2 H 3 O 

CONCENTRATION PO 4 IN 
STANDARD 

CONCENTRATION PO 4 
FOUND 

p.pjm. 

minutes 

p.pjn. 

p,pjn 

None 

5.0 

0.76 

0.75 

1.0 

5.0 

0.76 

0.62 

10.0 

5.0 

0.76 

0.50 

50.0 

5.0 

0.76 

0.42 


However, it has been found that under certain conditionsiron may also 
affect the results. If the test solution containing phosphate and ferrous iron 
is allowed to stand after being brought to final volume (99.5 cc.) before the addi¬ 
tion of stannous chloride, the iron will diminish the color that would otherwise 
have been produced. 

To determine how long a solution may thus stand before this effect begins, 
the following experiment was made: Solutions containing phosphate and 10 
p.p.m. Fe as ferrous ammonium sulfate were brought to a volume of 99.5 cc. 
and allowed to stand for 1, 3, 5,15,90, and 960 minutes respectively before the 
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reducing agent was added. The color developed was then compared with 
similarly prepared solutions containmg no iron, as shown in table 2 . The 
results indicate that ferrous iron in this concentration exerts an effect if the 
solution standjtj^ only 1 minute, and has its maximum effect in about S 
minutes. 

The effect of varying quantities of ferrous iron are shown in table 3. Solu¬ 
tions were prepared containing equal amounts of PO 4 but different amounts of 
ferrous ammonium sulfate. After being made to volume, they were allowed to 
stand 5 minutes, the stannous chloride was added, and the color was compared 
with that of iron-free solutions. It was found that imder these conditions 
as little as 1 p.p.m. of ferrous iron will introduce an error. However, if the 
stannous chloride is immediately added, as high as 750 p.p.m. ferrous iron 
produced no effect. Under conditions of acidity higher than that of the final 
solution (0.4 N), ferrous iron apparently does not interfere. Hence it is better 
practice to add the unknown to the add or add-molybdate reagents. By so 
doing the addity of the solution duriog the process of mixing is alwa 3 rs higher 
than that of the final solution. By following this procedure and adding the 
stannous chloride as soon as final volume has been attained, no trouble from 
ferrous iron will be enountered. 

Effect of nitrates, chlorides, and stdfates 

In studyiig the mfluence of nitrates, chlorides, and sulfates upon the deter¬ 
mination of phosphate, attention was given both to the immediate and the con¬ 
tinued effects. The immediate iofiuence of these salts was determined in 
solutions of constant PO4 content but variable amounts of these salts. The 
color comparisons between standard and unknown were made 2-3 minutes 
after the addition of the stannous chloride. Tlie continued effect was studied 
by making comparisons with permanent standards after the lapse of varying 
periods. The results are given in tables 4 to 9. 

Table 4 shows the immediate effect of different nitrates. Above 140 p.p.m. 
of N, HNOs brings about a gradual diminution of the blue phosphate. On the 
other hand, KNO», NaNOs, and NHiNOj, in amounts as high as 1,400.0 p.p.m. 
N, have no immediate influence on the test. Greater amounts slightly inten¬ 
sify the blue color, but even with as much as 12,040 p.p.m. N present in the 
form of these nitrates, there is less than a 10 per cent increase in the color 
intensity. In contrast to the effect of these compounds calcium nitrate pro¬ 
duces no important effect other than that CaS 04 may be precipitated. This, 
of course, makes precise readings difficult. 

The influence of varying concentrations of NaNOj on the reaction (table 5), 
when observed over a period of 1 hour, demonstrates the effect of nitrates upon 
the fading reaction. With solutions containing no nitrate, the color intensity 
reaches a maximum corresponding to a reading on the color disc of 4.0. It 
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TABLE 4 

Immediate ejfect of nitric acid and nitrates upon phosphorus determination 

CONCENTRATION OF PO 4 FOUND IN SOLUTIONS WITH VARYING NO* 
CONCENTRATION 


COMPOUND USED 


P.p.m. N as NO* in final solution 



None 

1.4 

14.0 

140.0 

700.0 

1,400.0 

7,000.0 

12,040.0 

HN03. 

0.75 

.... 



0.69 

0.62 

.... 

.... 

ZNOs. 

0.75 

0.74 

0.75 

0.74 

0.74 

0.78 


0.82 

NaJSrOs . 

0.75 


0.75 


0.77 

0.76 


0.80 

CaCNCWi. 

0.74 


0.76 

0.76 

.... 

0.76 


0.76* 

NH4NOa. 

0.75 

0.76 

0.7S 


0.77 

0.77 

m 

0.82 


•“A precipitate of CaSOi came down at this concentration; hence value is only approidmate. 


TABLE 5 

Ejfect of KaXOz on reaction over a period of 60 minutes 

READING OF COLOR DISC AT SUCCEEDING INTERVALS FOLLOWING SnCh’2HsO ADDITION 

CONCENTRA¬ 
TION OF N *--——--——- 

AS NaNO* Minutes 


IN FINAL 


SOLUTION 

1 

2.S 

s.o 

7.5 

10.0 

12.5 

is.o 

17.5 

20.0 

22.5 

25.0 

27.5 

0 

0 

to 

35.0 

b 

45.0 

60.0 

p.PM. 

Kone 

3.7 

3.9 

3.9 

3.9 

4.0 

4.0 

4.0 



4.0 

3.7 

3.4 

3.2 

3.2 

3.2 

3.2 

3.2 

1.4 

3.5 

3.8 

3.9 

3,9 

3.9 

3.9 

3.9 

3.9 

3.6 

3.4 

3.3 

3.2 

3.2 

3.0 


3.0 

3.0 

14.0 

3.5 

3.7 

3.9 

3.9 

3.9 

3.9 

3.9 


3.9 

3.6 

3.3 

3.1 

3.0 

3.0 

MP] 


Ein 

140.0 

3.7 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.8 

3.3 

3.2 

Iclil 


2.9 

2.9 

2.9 

2.9 

700.0 

3.5 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 


3.8 

3.5 

2.8 

2.1 

1.9 

1.2 

0.8 

RE 

RE 

1,400.0 

3.7 


m 

4,0 

4.0 

4.0 

4.0 


2.8 

2.2 

1.7 

1.4 

m 

0.5 

* 


* 

7,000.0 1 

3.7 


4.0 

4.0 

CTi] 

4.0 

2.8 

2.7 

1.9 

... 

1.0 

0.7 

RE 

0.1 

* 

* 

t 

12,040.0 

3.9 

3.9 

4.0 

4.0 

4.0 

3.9 

3.7 

1.9 


0.7 


... 

... 


t 

... 



* Slight color, 
t All gone. 


TABLE 6 

Effect of sulfates upon phosphorus determination 

CONCENTRATION OF PO4 FOUND IN SOLUTIONS WITH VARYING SO* 
CONCENTRATION 


SALT USED 

P.pjn. SO* in final solution 

None 

4.8 

4S.0 

480.0 

2,400,0 

4,803.0 

24,015.0 

41,300.0 

K1SO4. 

0.76 

0.76 

fB 


0.78 

0.79 

0.87 

0.87 

(NIWjSO.. 




0.77 

0.82 

0.88 

0.92 

0.87 


0.78 

0.78 




0.81 

0.83 

0.86 


remains apparently constant at this value for about 22 minutes, after which it 
fades to a color level corresponding to a disc reading of 3.2. In solutions 
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containing 140 p.p.m. N or more, fading begins sooner and proceeds to a 
greater degree than in nitrate-free solutions, both of these effects being more 
pronounced with higher nitrate concentrations. However, under the condi- 

TABLE 1 

Effect of K 2 SO 4 on reaction over period of 60 minutes 



COICPOITKD USED 


Effect of chlorides upon phosphorus determination 


OONCENTSAXION OF PO< FOUND IN SOLUTIONS WITH VAXYZNG Cl 
concsnuations 

P.pjn. Cl in final solution 

None I 3.5 I 35.4 1354.6 I 1,773.0 I 3,546.0 117,730.o| 30,500.0 


HCL. 

NaCl. 

Kd.. 

NH4a 



* Color tint in solution caused by high chlorides makes close readings difficult, 

tions of this method and at a temperature of 24°C. no measurable influence 
upon the reaction was detected within the first 10 minutes even when very high 
concentrations of the nitrate were present. 
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Table 6 shows the immediate effect of various sulfates. Solutions conta inin g 
2,400 p.p.m. SO4 or more, somewhat intensify the phosphate color, but the 
effect is not proportional to the amount of sulfate. Solutions conta in i n g 
41,300 p.p.m. SO4, intensified the color less than 15 per cent. There appears 
to be no difference in the behavior of K2SO4, (NH 4 ) 2 S 04 , and MgS 04 . 

The influence of var 3 dng amounts of EI2SO4 on the reaction over a period 
over a period of 1 hour is shown in table 7. Except for the increase in color 
which high sulfate produces, there appears to be no other important effect. 

The immediate effect of var 3 dng concentrations of HCl, NaCl, KCl, and 
NH 4 CI is shown in table 8 . Unlike nitrates and sulfates, high concentrations 
of chlorides diminish the color. With concentrations of 3,546.0 p.p.m. Cl in the 
final solution these salts decrease the color about S per cent. Corresponding, 
though not proportional, decreases occur with higher concentrations. The 
action of free HCl is probably due in part to its effect on the H-ion concentration 
and is similar to that of other chlorides except that the effect occurs with 
smaller quantities of the acid. 

The effect of NEE 4 C 1 on the reaction over a period of 60 minutes is shown 
in table 9. In addition to reducing the total color produced, this salt when 
present in amounts of 3,546.0 p.p.m. Cl or more, causes the fading reaction to 
begin sooner. However, the d^ee of fading is apparently no greater than 
that which occurs in salt-free solutions, which is in contrast to the effect of 
nitrates. 

Summarizing briefly it may be said that the immediate effect of nitrates and 
sulfates is to increase the color slightly, whereas high chlorides materially 
decrease the color. Upon standing, nitrates in amounts over 140 p.p.m. 
cause fading of the blue phosphate color to begin sooner and proceed to a 
greater degree, the magnitude of this effect depending upon the amount of 
nitrate present. Other than the initml increase in color, sulfates appear to 
have no influence on the reaction. Chlorides produce a more immediate 
but less intense fading than nitrates. 

Miscellaneotis notes on test 

Effect of vanadium. Solutions containing as high as 25 p.p.m. of vanadium 
as ammonium meta vandate produced no interfering color under the conditions 
of the determination. Other possible influences of this element have not 
yet been investigated. 

Arsenic. The wide distribution of arsenic in nature, particularly its known 
presence in certain waters and soils of semiarid regions, its presence in certain 
phosphate fertilizers, and the possible contamination of plant tissue and soils 
where arsenicals have been applied as insecticides, emphasize the necessity for 
being on guard against contamination from this source. As pointed out by 
Truog and Meyer ( 2 ), arsenates are the only compounds of arsenic that inter¬ 
fere. When present, arsenates can be reduced to the trivalent state, which 
compounds do not interfere with the phosphate determination. 
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Acidity of final solution. The necessity for maintaining a constant ratio of 
acid to molybdate should again be emphasized. With a given molybdate 
concentration too little acid permits some of this constituent to be reduced, 
giving rise to a blue color, whereas too high an acidity prevents full color 
development from the ammonium phospho-molybdate present. 

Concentration of PO^ in standard and unknown. The PO4 concentration of 
fresh standards should be as near as possible to that of the unknown being 
tested. The color developed is not strictly proportional to the amount of PO4 
present and serious errors may arise from failure to observe this precaution. 

Organic phosphorus. Determination of phosphate in soil extracts colored 
with organic matter may be inaccurate partly because of the interfering color 
tints that are developed and the possible interference of such substances on the 
normal reaction. When such extracts are ignited with Mg(N08)2, the deter¬ 
mination will then represent both the inorganic and organic phosphorus origi¬ 
nally present. However, it is questionable whether the difference between the 
intensity of the blue color produced by the original solution and that of the 
oxidized Solution should be attributed entirely to organic phosphorus. Inac¬ 
curacies in the former determination and the possible presence of inorganic 
phosphorus in forms other than PO4 may obviously lead to erroneous con¬ 
clusions regarding the amounts of organic phosphorus present. Further study 
on this point is needed. 


SUMMARY 

Studies on the Truog and Meyer (2) blue colorimetric method for the deter¬ 
mination of phosphate have been made. It has been found that stannous 
chloride solutions, although protected from the air by a layer of mineral oil, 
nevertheless gradually becomes oxidized. If the reagent is made up in 2-liter 
quantities, stored in bottles of small cross section, and protected by 1 cm. thick 
layers of mineral oil, the reagent may be used several months before its deterio¬ 
ration becomes serious. 

Under conditions of low acidity, silica may form a sihco-molybdate which 
persists even after the acidity is increased. Upon the addition of stannous 
chloride this compound undergoes reduction to a blue color indistinguishable 
from that of the phospho-molybdate. By combining the reagents in a manner 
favorable to the formation of the silico-molybdate as little as 0.5 p.p.m. Si 02 may 
produce an error. On the other hand if the acid and molybdate are combined 
into one reagent and the test solution is always added to the required amount 
of this reagent, as much as 700 p.p.m. Si02 may be present without appreciable 
interference. 

Ferrous iron in amounts as small as 1 p.p.m. in the final solution diminishes 
the total color producible if the test solution, after being made to volume 
(99.5 cc.), is allowed to stand before the addition of stannous chloride. If the 
reducing agent is added immediately, ferrous iron may be present in large 
amounts without interfering. 
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Only in the presence of comparatively high concentrations of nitrates, sul¬ 
fates, or chlorides, is there any effect upon the accuracy of the test. 

When used in accordance with the precautions noted in this paper the Truog 
and Meyer method combines simplicity, speed, and accuracy, and can be 
adapted to the determination of phosphorus under a wide range of conditions. 
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The carbohydrates known as hemicelluloses comprise a number of different 
polysaccharides which give on hydrolysis with hot dilute mineral acids, at 
atmospheric pressure, not only sugars (hexoses or pentoses or both), but also 
uronic acids, frequently methoxyl groups and sometimes acetyl groups. Tol- 
lens (41) was the first to express the opinion that gums contain d-glucuronic 
acid. His conclusions were not based upon the isolation of the specific sub¬ 
stance, but merely upon certain specific group reactions. Since then, uronic 
acids have been definitely isolated from a number of the so-called gums, muci¬ 
lages, pectins, and similar complexes (8, 16, 33), and have been found to be 
universally distributed in the plant kingdom, as well as to occur also in animal 
tissues and in microbial cell substance. 

The fact is becoming more and more universally recognized that very few 
hemicelluloses are pure polysaccharides or polymers of only one sugar; on the 
contrary, most of the preparations so far obtained contain more than one sugar, 
or mixtures of sugars and uronic acids (25, 18, 21, 24). Before a systematic 
classification of this group of carbohydrates, based upon the type of sugars 
and sugar acids produced on hydrolysis, has been developed, all hemicelluloses, 
gums, mucilages, pectins, and related compounds can be grouped together. 
This large heterogeneous group of carbohydrates can then be separated into 
two general subgroups, comprising, {a) those complexes that give only sugars, 
on hydrolysis with dilute mineral acids, or the true hemicelluloses, induding 
hexosans and pentosans; and {b) the polyuronides, or those complexes that 
give, on hydrolysis with mineral acids, uronic acids, in addition to sugars and 
other compounds, as in the case of the pectins, various gums, etc. (4, S, 19, 20). 

The various methods of analysis of plant tissues for hemicelluloses are based 
either upon the determination of one group of complexes, such as the pento¬ 
sans by the furfuralddbyde method, or the several groups, as by hydrolysis 
with hot dilute mineral adds, after the sugars and starches have been removed. 
Both of these procedures are far from giving an accurate quantitative determi¬ 
nation of the actual content of hemicelluloses. In the first method, which is 

^ Journal Series paper of the New Jers^ Agricultural Experiment Station, dq>art.ment of 
soil chemistry and bacteriology. 


135 



136 


SELMAN A. WAKSMAN AND H. W. EEUSZER 


based upon hydrolysis of the pentosan and the subsequent transformation of 
the pentose to furfuraldehyde, 

(C6H804)» + (»-1)H20 « KCCfiHioOfi) 

CaHioO# = C6H4O2 + 3 H2O 

Some of the uronic acids will also be determined as pentosans, as shown by 
the following reaction: 


CeHioO? “ C5H10O5 -j- CO2 

In the hydrolysis of hemiceUuloses by dilute acids, some of the uronic acids 
will be destroyed. Heidelberger and Goebel (12) have shown, for example, 
that when aldobionic acid isolated from pneumococcus is hydrolyzed with IN 
sulfuric acid for 20 hours, half of the molecule, namely the uronic acid, is largely 
destroyed. Butler and Cretcher (3) have also found that when aldobionic 
acid from gum arabic was hydrolyzed with 5 per cent sulfuric acid, d-galactose 
was obtained while the uronic acid was destroyed to a great extent. Accord¬ 
ing to Weinmann (32), when gum arabic, with a uronic acid content of 17.6 per 
cent, is hydrolyzed with 2 per cent hydrochloric acid for one and a half hours, 
enough CO 2 is lost to be equivalent to 12 per cent of the total glucuronic acid 
of the gum. Link and Niemann (17), using purified uronic acids, have dem¬ 
onstrated that, on boiling with IN sulfuric acid for IS hours, the acid lost 
enough CO 2 to be equivalent to SS per cent of the total glucuronic add present; 
when lemon pectin, containing 88 per cent galacturonic add, was hydrolyzed 
for 15 hours with 2 per cent sulfuric acid, an equivalent of 33.85 per cent of 
the add was liberated as CO 2 . 

These results as well as others that could be dted (9, 11) are sufBident to 
illustrate the inaccurades involved in the quantitative determination of hemi- 
celluloses by the foregoing two procedures. In the method used by the senior 
author and his associates (37) for the proximate analysis of plant tissues and 
their decomposition products, such an error was constantly involved. This 
was fully recognized throughout all the determinations previously published. 
However, this error was not of such magnitude in the majority of plant sub¬ 
stances employed, such as cereal straws, com stalks, tree products, as to modify 
the determinations considerably. Since the method was only proximate and 
since the accounting of 90 to 95 per cent of the plant constituents was the 
maximum that one could expect under those conditions; it was felt that this 
method for hemicellulose determination was as good as any other one until a 
more accurate procedure could be developed; this was especially true because 
of the fact that the results were always comparable. 

However, certain plant substances, such as sphagnum moss, and certain 
decomposed plant residues, such as peat, and one had a suspicion that it was 
also true of the humus or the organic matter of the soil its^, always gave a 
wide discrepancy which was due to the inaccurate determination of the 
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hemicelluloses. In order to throw light upon this subject, the following in¬ 
vestigations were undertaken. 


HISTORICAL 

With the advance of our knowledge of the complexity of the hemiceUuloses, the information 
concerning the nature and mechanism of their decomposition and sjmthesis by microorganisms 
has been rapidly accumulating. It has been established that just as the hemicelluloses vary 
in their chemical structure, so they vary in the ability of microorganisms to attack them. 
The fact that a certain fimgus or bacterium is capable of decomposing readily one tj^e of 
hemicellulose is no proof that it will also attack others, frequently even closely related com¬ 
pounds. A marked specificity was found to exist between the chemical structure of these 
carbohydrates and the ability of microorganisms to attack them (34). This phenomenon is 
similar in certain respects to the early observations of Pasteur concerning the specificity of 
certain fungi in attacking the isomers of organic acids. 

Some of the hemicelluloses are readily decomposed by a number of bacteria and fungi, as in 
the case of certain mannans and xylans, whereas others are more resistant to decomposition, 
especially the various galactans and some of the polyuronides. These phenomena have a 
direct bearing upon the processes of decomposition of plant and animal residues in soils and 
in composts and upon the chemical nature of the dark residual material, which is commonly 
known as humus. Although the plant residues which find their way into the soil are richer in 
cellulose than in hemiceUuloses, the organic matter or humus of the soil itself, as well as of 
peat and composts, frequently contains no cellulose at aU or very little of it, while appreciable 
quantities of hemiceUulose may stiU be left (38,35,39). 

A chemical analjrsis of lowmoor peats has shown that although the plants that contribute 
to the formation of these tjrpes of peat have a much greater percentage of cdlulose than of 
hemiceUulose, the peat which results from the anaerobic decomposition of these plants, con¬ 
tains very little cdlulose but a considerable quantity of hemicellulose. Only a part of this 
hemiceUulose is found to be pentosan; one lowmoor peat, for example, with 11.03 per cent hemi¬ 
ceUulose, as determined by the reducing sugars formed on hydroljrsis of the peat with dilute 
acid, contained only 2.52 per cent pentosan (35). This difference in the rapidity and nature 
of decomposition of the two types of carbohydrates is due primarily to two factors: a. True 
ceUulose is a homogeneous complex and is decomposed completely by microorganisms at a 
uniform rate, provided the conditions for decomposition are favorable; the hemiceUuloses 
represent a heterogeneous group of substances, some of which are readUy attacked by micro¬ 
organisms and others are more resistant to complete decomposition, b. In the process of 
decomposition of the organic matter by microSrganisms, microbial cdl substance is constantly 
sjmthesized by the organisms bringing about the decompoation processes; this ceU substance 
contains considerable quantities of various hemiceUuloses, commonly known as bacterial 
gums, slimes, capsular material, etc. 

Egorov (7) demonstrated in 1911 that when manure undergoes decompositimi in compost, 
the pentosans are attacked more quickly then the ceUulose; however, toward the end of the 
decomposition period, the residual part of the compost contains more pentosan than cellulose. 
In view of the fact that the pentosan has usually been determined in these investigations by 
the fuifuraldehyde yield obtained on boiling the material with 12 per cent HQ, it is more 
logical to conclude that, although the content of furfural-yielding substances is lower in the 
fresh manure than the content of true ceUulose and that altiiough those substances underwent 
a more rapid initial decomposition than the ceUulose, there was left in the decomposed or 
‘humified*' manure more of the “furfural-yidding substances” than of the ceUulose. This is 
probably a result of at least two distinct processes; the rapid initial decomposition is due to the 
destruction of the true pentosans, whereas the final accumulation of the resistant complexes is 
due to the resistance to rapid decomposition of certain uronic acid derivatives which also give 
fuifuraldehyde on boiling with 12 per cent HQ. 
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Norman (22) has also shown that in the decomposition of straw by a mixture of micro¬ 
organisms, there was at first a rapid loss of the major part of the hemicelluloses, followed by 
an equally rapid loss of the cellulose; however, after 12-14 days of decomposition, the hemi¬ 
celluloses appeared to remain at a certain level, while the cellulose content continued to 
diminish progressivdy. This phenomenon was bdieved to be due to the non-homogeneous 
nature of the hemicelluloses, differing in the rapidity of their decomposition by microSrganisms. 
The rapid initial loss in hemicelluloses is accompanied by a faff in fuifuraldehyde yield, due to 
loss of the pentose groups. A later increase in these groups may take place, due to the forma¬ 
tion of new compounds by the microSrganisms; the uronic acid complexes in the straw ap¬ 
peared to be less readily decomposed than the true pentosans. 

It is of further interest to note that whereas in the original plant material, the hemicdlulose 
group is usually made up largely of pentosans, especially in the case of cereal straw and other 
residues, in the soil organic matter the hexosans may predominate over the pentosans. 

The determination of pentosans in fresh plant materials, in composts, and in soil is usually 
based upon the fuifuraldehyde yield obtained on boiling the material with 12 per cent HCl; 
the method of Kidber (14) is commonly employed for this purpose. Because of the fact, how¬ 
ever, that uronic acids give on boiling with 12 per cent HCl a pentose and carbon dioxide, it is 
uncertain how much of the pentosan reported to be present in peat and in soil actually repre¬ 
sents the polymer of pentoses and how much is due to the presence of uronic acid complexes in 
soil Balks (2) has shown, for example, that although fresh pentosans added to the soil in 
the form of manures and plant residues decompose readily, the soil organic matter still contains 
8.24 to 11.63 per cent pentosan, hlethyl pentosans persist in the soil even longer. In 
general, the pentosan carbon was reported (27,28) to mahe up 1.3 to 28.5 per cent of the total 
organic carbon in soil. Pentosans are especially abundant in peat, although the hydrolysis of 
peat with dilute acids was found to give, in addition to pentoses, also mannose, galactose, and 
levulose (10). 

Most of the determinations of “pentosan” in soil and in composts probably fall short of the 
actual amount of total hemicellulose present. Since the pentose units yield only about 75 per 
cent of the theoretical amount of fuifuraldehyde on distillation with mineral acids, since uronic 
acids give only 33 per cent of their weight as pentose, and further since hemicelluloses contain 
hexose units also, it is impossible to calculate the total hemicellulose from the determination 
of “pentosan” by the fuifuraldehyde procedure (21). 

The presence of uronic acids in soil humus has been recognized only during the last few 
years. The complexes containing uronic acid are brought into the soil in the form of plant 
residues and are abundantly synthesized by microbrganisms. However, although the 
uronides in plant residues are made up largely of gaJacturonic acids, as in the case of fruit 
pectins, and to a less extent of glucuronic acids, the latter predominate among the microbial 
products, as in the capsular material of various bacteria. 

Shorey and Martin (29) have recently shown that the proportion of uronic acid carbon to 
the total organic carbon of the soil ranges from 12.8 to 28.4 per cent in the case of mineral 
soils, and from 5.15 to 9.25 per cent in the case of peats. Only a small part of the uronides in 
soil will give furfural (12.5 to 35.0 per cent) as detennined by the Krdber method, because of 
incomplete decarboaylation of the uronic adds by this treatment. In the case of peats, the 
relation between the furfural yield and the theoretical amount calculated from the uronic acid 
content of the material was 49.0 to 57.5 per cent. However, one should not necessarily con¬ 
sider this as due entirely to the insuffident hydrolysis and carboxylation of the uronic add 
complexes. It may also be due to too high a figure obtained by calculating the uronic acid 
from the COj liberated on hydrolysis. Norman and Martin (23) indicated that in the hydroly¬ 
sis of pure pectin the COa yield was higher than could be accounted for by the uronic adds 
present. The analysis of pectin rq)orted in this paper seems to add some weight to this 
assumption. If this is true of pure pectin, it may certainly hold true of peat and especially of 
mineral soils, which contain a number of other complexes capable of liberating COj on con¬ 
tinued boiling with 12 per cent HCl, even if the carbonates are removed with dilute acid. 
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In a study of methods for determining the proximate chemical composition of the soil 
organic matter of soil humus, it was suggested (36) that the hemicellulose content be calcu¬ 
lated from the amoimt of reducing sugar (multiplied by 0.9) obtained by hydrolyzing the soil 
with hot dilute mineral acids, under ordinary pressure, for several hours. It was found that 
5.44 to 12.59 per cent of the total soil organic matter was made up of hemicelluloses. On com¬ 
paring these results with the amount of pentosan present in the same soils, as determined by 
the regular furfuraldehyde procedure, it was found that the hemicdlulose content obtained by 
the method of hydrolysis was considerably higher than the pentosan content. As a result of 
this, it was felt that the reducing sugar liberated from the soil organic matter on hydrolyzing 
the soil with hot dilute mineral acid at ordinary pressure is a more reliable index of the content 
of hemicellulose complexes in the soil organic matter tban the total pento^m obtained by the 
furfural method. Because, however, the uronic acid complexes of the soil give reducing sugar 
on hydrolysis with hot mineral adds, investigations were undertaken, to obtain information 
which would enable one to correlate the total hemicellulose content of the soil, as measured by 
the production of reducing sugar, with the amount of uronic acid complexes in the soil organic 
matter; further, an attempt was also made to throw some light upon the origin of these com¬ 
plexes in the humus of composts and soils, formed under different conditions. 

EXPERIMENTAL 

In the following investigations, the deteimination of the total pentosan in 
the plant material and in soil was carried out according to the method of 
Klrober (14) as outlined by the Association of Official Agricultural Chemists. 
For the quantitative measurement of the uronic adds in the organic materials, 
the procedure of Lefevre and ToUens (IS), as modified by Didkson, Otterson, 
and Link (6) was followed. This method consists in treating the material 
with an excess of 12 per cent hydrochloric add, boiling (for 4 hours) until 
there is no further evolution of carbon dioxide, absorbing this gas in standard 
barium hydroxide solution, and titrating back with oxalic add solution. In 
the case of plant substances, forest organic matter, and peat, 2-gm. portions 
of dry material were used for each determination, whereas in the case of inor¬ 
ganic soils, 25-gm. portions were employed. The hemicellulose determination 
was carried out by heating similar quantities of the organic substances with an 
excess of 2 per cent hydrochloric add (150-200 cc.) for 5 hours, at ordinary 
atmospheric pressure, filtering, making up the filtrate to volume, neutralizing 
the add, and determining the reducing sugar in an aliquot portion, by the 
Bertrand method. For the purpose of comparison, the plant substances, peat, 
and composts were analyzed by the proximate system of analysis, as outlined 
elsewhere (37). 

Purified dtrus pectin was employed for the purpose of comparing the three 
methods of determination of hemicellulose complexes. The following results 
were obtained: 


Uronic add anhydride.76.5 

Total furfuraldehyde.18.20 

Pentosan equivalent.31.50 

Hemicellulose sugar, obtained on boiling for 5 hours with 2 per cent HCl... 50.7 
Material insoluble on boiling with dilute acid. 6.7 
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According to Norman, uronic acid anhydride gives 16.66 per cent furfuralde- 
hyde. On this basis the fnrfuraldehyde equivalent of 76.5 per cent uronic 
acid anhydride would be 12.74 per cent. This leaves 5.46 per cent furfuralde- 
hyde equivalent to 10.63 per cent of free pentose. Whether this free pentose 
is due to the presence of a free arabinose group in the pectin molecule, as shown 
by Ehrlich, or to some other factor remains to be determined. The sugar 
content obtained from the pectin is lower than the theoretical amount calls 
for, if all the uronic add is converted by hot dilute add to reducing sugar in 
this period of time. However, complete conversion does not take place, be¬ 
cause a much longer period of boiling with dilute add is required for this. 

It is interesting to note that Ehrlich (8) reported an average of 72.5 per cent 
uronic add in citrus pectin, whereas Dickson, Otterson, and Link reported 
for purified lemon pectin an equivalent of 72.60 per cent uronic acid anhy¬ 
dride. The reason for the incomplete yield of pentosan and reducing sugar 
from the uronic acid is to be looked for in the comparatively short period of 
time allowed for the treatment, and the weak add used. The important 


TABLE 1 

Hemicelltdose and pentosan content of various **hemicellulose^* preparations 
On a dry and ash-free basis 


SOTJSCaC 07 UATEUAL 

HEBaCEIXULOSB 

CONTENT 

(seducing 
SUGAS X 0.9) 

PENTOSAN 

CONTENT 

UEONIC ACID 
ANHYDKZDE 

Salep roots. 

per cent 

80.8 

63.0 

97.2 

percent 

2.40 

2.3 

101.5 

percent 

1.32 

1.26 

2.80 

Irish moss... 

Corncobs. 


point to be interpreted from these results is the fact that the hemiceUulose 
sugar content approaches more nearly the actual uronic acid content than the 
pentosan determination commonly employed in the numerous analyses of 
plant materials, soils, and composts. In the case of materials, such as gum 
arabic, with only 15.83 per cent uronic add anhydride, 80.93 per cent of the 
material was found as reducing sugar, calculated as glucose, on hydrolysis of 
the material with dilute add. 

These results lead one to conclude that the sugar produced on hydrolysis 
of hemicelluloses with dilute add does not give the theoretical amount of 
hemiceUulose present; the greater the uronic add content of the material, the 
greater will be the discrepancy obtained. However, the pentosan figure gives 
even less approximate results, unless we are dealing with a material that con¬ 
tains pure pentosans. This is shown in table 1. The xylan obtained from 
com cobs gave the nearly theoretical amount, whether it was determined by 
the dilute add hydrolysis or furfuraldehyde method (34). The preparations 
from salep roots and from Irish moss consisted largely of mannan and galactan 
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respectively, and contained only small amounts of pentosan and uronic acids. 
The com cob hemicellulose is thus found to represent a practically pure poly¬ 
saccharide pentosan, giving a hundred per cent sugar on hydrolysis. Anderson 
(1) also found that com cob hemicellulose contains only a small amount of 
uronic acid. 

In order to study the fate of hemicelluloses, as measured by the various 
methods outlined, in the process of decomposition of plant materials by micro¬ 
organisms, three plant materials were selected, varying distinctly in their na¬ 
ture and chemical composition; namely, oak leaves, r^^e straw, and sphagnum 
plants. These materials were available for analysis not only in a fresh state 
but also in a composted condition, the composts being about 3 years old (30). 


TABLE 2 

Proximate analysis of fresh and decomposed plant materials, used for pentosan and uronic 

acid studies 


NATUSE 01 ICAIESXAL 

CONDITIONS 07 DECOMPOSITION 

PEE CENT OP DEY MAXSEUL 

i 

1 

1 

1 a 

l-B 

H 

e> 

1 

J§ 

II 

< 

If 

III 

Hemicellulose* 

Cellulose 

Lignin 

1 

1 

1 

Oak leaves. 

Fresh material 

3.71 

5,92 

13.93 

12.93 

13.78 


4.81 

5.09 

Oak leaves. 

Decomposed for 3 years 

1.65 

1.75 

8.18 

10.24 

■rurjj 

36.48 

9.38 

16.50 

Rye straw. 

Fresh material 

1.84 



21.10 

38.62 

14.63 

1.02 

4.18 

Rye straw. 

Decomposed 3 years. 

ESQ 


3.24 

19.96 

27.67 

24.88 

3.94 

8.50 


no added nutrients 









Rye straw. 

Decomposed 3 years, 

0 84 

1.32 

7.19 

12.54 

14.62 

26.81 

14.18 

17.90 


with added nutrient 










salts 









Sphagnum. 

Fresh material 

1.11 

.... 

6.95 

27.73 

19.21 

7.33 




* Reducing sugar, obtained on boiling material previously treated with hot water, with 2 
per cent hydrochloric add at 100®C. for 5 hours, X 0.9. 


In the case of some of the composts, nutrient salts including ammonium com¬ 
pounds and phosphates were originally added, which served to hasten the 
rapidity and extent of decomposition. 

The proximate chemical analyses of the fresh plant materials and of the 
composts are given in table 2. The results show that with the aerobic de¬ 
composition of the plant materials there is a rapid decrease in the water- 
soluble substances, ether-soluble substances, and cellulose; a slower compara¬ 
tive decrease of the total hemicelluloses; a relative increase of the lignin; and 
an absolute increase of the protein. By using the increase in ash content as a 
measure of the extent of decomposition (the composts being kept in pots where 
no leaching took place), one can readily determine the absolute changes that 
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have taken place in the concentration of the various chemical constituents of 
the plant materials as a result of decomposition. 

The pentosan, total hemicellulose, and uronic acid figures for these ma¬ 
terials are given in table 3. The results throw considerable light upon the 
comparative value of the diSerent analytical procedures for the determination 
of the hemicellulose content in plant materials and in composts. In the case 
of the oak leaves, the total hemicellulose, as determined by hydrolysis of the 
material with hot dilute mineral acid and measuring the reducing sugars pro¬ 
duced, is considerably higher than the pentosan content. The pentosans are 

TABLE 3 

Uronic acid and pentosan transformations in tJte decomposition of plant materials hy 

microorganisms 


PER CENT OP DRY UAIERZAL 


NA^tURE OF ^TERIAL 

CONOmONS OF DECOUPOSmON 

Total pentosan content 

Uronic acid 
anhydride 

Hydrolysis of 
total material 
by 2^r cent 

Method of Dickson, 
Otteison and Link 

Method of Shoiey 
and Martin 

Total hemicellulose 
in filtrate (reduc¬ 
ing sugar X 0.9) 

Pentose sugar in 
filtrate 

Oak leaves. 

Fresh material 

11.70 

11.53 

9.74 

20.10 

11.80 

Oak leaves. 

Decomposed for 3 years 

7.10 

12.30 

9.81 


5.50 

Rye straw. 

Fresh material 

28.50 

4.58 

3.59 

25.00 

22.30 

Rye straw. 

Decomposed 3 years, no 

20.80 

4.03 

3.59 

22.10 

17.90 


added nutrients 






Rye straw. 

Decomposed 3 years, with 

10.50 

4.61 

4.32 




added nutrient salts 






Sphagnum. 

Fresh material 

11.50 

14.54 

.... 



Sphagnum. 

Decomposed 3 years, aero¬ 

13.55 

16.48 

.... 

.... 

.... 


bically 






Sphagnum. 

Decomposed 3 years, anae¬ 

12.80 

15.47 





robically 





readily hydrolyzed by hot dilute acids, as shown by the fact that the pentosan 
in the filtrate is as high as in the total untreated material. The high figure 
for the uronic acid anhydride content indicates that a large part of the pentosan 
in the oak leaves is in the form of polyuronides rather than as true pentosans. 
In the composted oak leaves, the uronic add figure is higher whereas the pen¬ 
tosan figure is lower, showing that the free pentosans have largely decomposed, 
accompanied by a relative increase in the concentration of the uronic acid 
complexes. Table 2 shows that although the quantity of total material, as a 
result of decomposition, has been reduced to one-third of the initial material 
(as shown also by the relative ash increase), the cellulose content has dimin- 
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ished even more rapidly tlian the total material. The relative concentration 
of uronic acid has increased in a manner similar to that of the lignin; this tends 
to indicate that although the uronic acid compoimds no doubt undergo a cer¬ 
tain amount of decomposition by microorganisms, this process is slower than 
the decomposition of the cellulose and resembles more that of the lignin. 

In the rye straw, the hemicellulose consists predominantly of pentosan. 
The uronic acid content is very limited, showing that this plant material con¬ 
tains largely the free polysaccharide pentosan. The amount of hemicellulose 
in the acid hydrolyzate was lower than the total pentosan; this is probably due 
to a certain loss of some of the pentose sugar during the prolonged boiling of 
the material with dilute acid, as is also indicated by the lower pentose content 
of the acid hydrolyzate. 

With the decomposition of the rye straw, there is a drop in the total and 
relative pentosan content, especially in the presence of added nitrogen salts. 
The relative concentration of the uronic acid compounds, however, was not 
diminished to any great extent, proving again that this group of complexes 
undergoes a much slower decomposition than the cellulose and the true 
pentosans. 

Sphagnum represents a ty^e of plant material totally different in nature and 
chemical composition from the two previously considered. The total hemi¬ 
cellulose content of sphagnum plants was found to be considerably higher 
than the pentosan content, showing that the material is rich in hemicelluloses 
of a hexosan nature. The fact that the dilute acid hydrolyzate of the plants 
contains only about 40 per cent of the total pentosan found in the original 
plant material in the form of pentose sugar tends to indicate that either there 
was considerable loss of the pentose in the process of boiling of the material 
with the dilute add or that not all the uronic acid complexes give pentoses on 
treatment with hot dilute mineral add for a few hours, as brought out pre¬ 
viously in the analysis of pectin. Actually the residual material, left after 
hydrolysis, was found to contain a considerable amount of uronic acid and gave 
furfuraldehyde on treatment with 12 per cent HCl. Further, the fact that 
more than SO per cent of the sphagnum plant, as shown by loss in weight, is 
hydrolyzed by hot dilute add and only 28-29 per cent is found as reducing 
sugar shows that a large part of the material is dther volatilized, or not suffi¬ 
ciently hydrolyzed, or changed into non-reducing compounds. 

With the advance in decomposition of the sphagnum plants there is no re¬ 
duction in the uronic add content but even an actual increase. This is ac¬ 
companied by a parallel increase in the total pentosan content, tending to bring 
further evidence to show that most of the furfural obtained by boiling the 
sphagnum plants with 12 per cent hydrochloric add is probably derived not 
from true pentosan but from pol 3 ruronides and other complexes. 

In order to establish further the rdle of uronic adds in the process of decom¬ 
position of plant residues and their transformation into “humus,” several peat 
materials and the organic matter of various horizons of two forest soil profiles 
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were analyzed. The results are reported in tables 4 and 5. The two peat 
materials represent a lowmoor peat from Florida (Everglades region) and a 
highmoor peat from Maine. The lowmoor peat is characterized by practical 
freedom from cellulose; a very high lignin, protein, and ash content; and a 
considerable amount of hemicellulose; whereas the highmoor peat contains 
but little ash and protein, a fair amount of cellulose and lignin, and a consid¬ 
erable amount of hemicellulose. 


TABLE 4 

Proximate analysis of forest and, peat material used for pentosan and uronic acid studies 


PER CENT DRY 1£ATER1AL 


NATURE OP IXATERIAL 

DEPTH OR 
L4YER 

Ethei-soluble poi- 
tion 

Alcohol-soluble 

portion 

Cold and hot water- 
soluble portion 

Hemicellulose 

i 

Lignin 

Ash 

Crude pi olein 

Total accounted for 

Lowmoor peat. 

Everglades, 
Fla., 12-18- 
inch depth, 
fibrous layer 

3.24 

1.34 

1.64 

8.26 

0.43 

44.95 

6.86 

22.75 

89.47 

Highmoor peat. 

Orono, Maine, 
upper, 
younger 
peat, 1-4- 
inch depth 

2.33 

1.72 


23.85 

14.52 

23.16 

2.28 

4.82 

72.68 

Surrey spruce. 


4.72 

5.54 


15.67 

16.31 

34 01 


5.81 


Surrey spruce. 


1,67 

3.32 


9.19 

2.36 


26.40 


83.88 


Fresh 

6.08 

3.34 

12.74 


15.78 

31.80 

2.74 

3.13 

86.49 

Pine forest soil*.,.. 

Litter 

6.70 

6.10 



iMBtl 



6.10 

t 

Pine forest soil*.... 

F layer 

4.20 

4.50 

1 


8.20 

45.90 


ililKil 

i 

Pine forest soil*.... 

H layer 

3.90 

5.10 


13.45t 

5.20 

49.50 


11.10 

t 

Pine forest soil*.... 

SH layer (Al) 

4 60 

4.50 

R! 

11.76t 

2.60 




t 

Pine forest soil*.... 

Accumulation 
horizon (Bl) 



n 

9.09t 


n 

91.20 

36.20 

t 


* Analyses of these materials reported on an ash-free basis, 
t These anal 3 rses were made on separate portions of the fresh material 
t No total can be reported for these, since, in order to illustrate the changes in the organic 
matter content and because of the high ash content of the lower layers, the calculations were 
made on the ash-free material of this profile. 

The relative concentration of total hemicellulose, pentosan, and uronic acid 
in these two peats is given in table 5. These results show that, in the case of 
the lowmoor peat, the amounts of pentosan and hemicellulose sugar pro¬ 
duced on hydrolysis with dilute adds are not higher than the uronic add con¬ 
tent of the peat; provided all the uronic acid is hydrolyzed in that period of 
time to give reducing sugar, the peat is found to contain very little free pen¬ 
tosan but a certain amount of hexosan hemicelluloses. 
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The highmoor peat was found to contain a considerably larger amount of 
hemicellulose than of pentosan and uronic acid, showing that this material 
is rich in hexosan hemicelluloses. The fact that the amount of uronic add 
found in this peat is considerable makes the presence of free pentosan in this 
material highly problematical, a fact already emphasized for sphagnum plants. 
Since certain polyuronides, as the citrus pectin, >deld on hydrolysis with dilute 
acids only a part of the pentose that one might expect from theoretical calcu¬ 
lations, one may be justified in conduding that the high uronic add content of 
the sphagnum peat is sufficient evidence of the presence of substances not ac- 

TABLE s 

Uronic add and pentosan content of humus in peat and forest soils 



* Analyses of these materials are reported on an ash-free basis. 


counted for in the proximate analysis of this peat (35). It is of considerable 
interest to note that, although the total hemicellulose is somewhat lower in the 
sphagnum peat than in fresh sphagnum plants, the uronic add content is 
higher, bearing out the same general principle observed previously that, with 
the advance of decomposition of plant material, there is a decrease in the total 
hemicellulose content but a relatively smaller decrease of the uronic add 
complexes. 

In this connection, it may be of interest to call attention to the results of 
Keppeler (13), concerning the ratio of hexosan to pentosan in different peat 
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materials of different age (taken from different depths of peat bogs). It was 
found that with the advance of decomposition of peat there is an increase in 
the hexosan-pentosan ratio, namely, from an average of 2.95:1, in the case of 
young sphagnum peat, to 4.1:1, in the case of old sphagnum peat. Although 
Keppeler included also the true cellulose among the hexosans, the fact that the 
cellulose is decomposed very readily and is found in diminishing amounts with 
an increase in age of peat would lead us to conclude that the increase in the 
hexosan-pentosan ratio is due to a more rapid destruction of the pentosans than 
of the hexosan hemicelluloses and uronic acid complexes. 

One of the two forest soil profiles^ was taken from an undisturbed forest soil 
at Keene, N. H., and one represents a Surrey spruce soil; of the latter, only the 
two organic matter layers above the inorganic soil were available. The prox¬ 
imate analysis of the various horizons of these soil profiles and the correspond¬ 
ing hemicellulose determinations are reported in tables 4 and 5. With the 
advance in the decomposition of the forest residues, there is a rapid de¬ 
crease in the relative cellulose content and an increase in the ash, protein, and 
lignin content. The marked increase in protein in the accumulation horizon 
is due probably to the fact that the protfein is washed down more readily than 
the non-nitrogenous complexes, a phenomenon already emphasized by Weis 
(40). 

As to the changes in the relative concentration of the different hemicelluloses 
with the advance in decomposition of the organic matter, we find a rapid de¬ 
crease in the total pentosan, a smaEer decrease in the total hemicellulose 
content, and an actual relative increase in the uronic acid content. The 
exact quantitative relationship between the pentosan, total hemicellulose, 
and uronic acid content of different plant materials and especially of the vari¬ 
ous decomposition products is not fully known, because of the fact that the 
hydrol3^s of uronic acid complexes does not give under these conditions the 
theoretical amount of reducing sugar and because different uronides contain 
different amounts of pentose sugar; a knowledge of the relative transformation 
of these three types of hemicellulose; namely, the total pentosan, the total 
hemicellulose, as measured by the amount of reducing sugar formed on hydrol- 
3 "sis of the material with hot dilute mineral acids, and the uronic acid content, 
enables us to interpret the behavior of these complexes in the process of de¬ 
composition of organic matter in the soil. The results so far obtained point 
definitely to the fact that although some hemicelluloses, especially the true 
pentosans, undergo rapid decomposition, other hemicelluloses, especially 
certain uronic acid complexes, decompose much more slowly. As a result 
of this, the total hemicellulose content may sometimes diminidi rapidly in the 
process of decomposition of the plant materials in soils and in composts, as 
in the case of the rye straw, which is rich in true pentosans; at other times, the 
total hemicellulose may diminidi very slowly, as in the case of the sphagnum 

* The authors are indebted to Dr. Watson of this laboratory for collecting this material. 
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plants ricli in pol 3 airoiiides; in still other cases, the hemiceUulose transforma¬ 
tion is irregular, as in the case of different forest materials, because of their 
varying chemical composition. This is the reason why different fungi and 
bacteria were found (26, 31) to decompose pentosans in different plant mate¬ 
rials at a different rate, no doubt because of the different chemical nature of 
the “pentosans” in these plant materials. 

For the determination of uronic acids, the method of Shorey and ^Martin 
was compared, in some instances, with that of Dickson, Otterson, and Link. 
The first method gave invariably lower results, with undecomposed plant ma¬ 
terial, peat, and forest soils. This is because this method calls for boiling 
the material for one hour with 200 cc. of 1 per cent hydrochloric acid, in order 
to remove the carbonates. The fact that by this procedure, a considerably 
lower uronic acid content was obtained in the case of highmoor peat which 
has a pH of 4.0 and is practically free from carbonates shows that some loss of 
uronic acid-C02 takes place in the procedure recommended by Shorey and 


TABLE 6 

Pentosan and uronic acid content in soil organic ^natter 


NUMBSS 
OF SOIL 

TKE4TMENT OF 

son. 

CA5B0N 

CONTENT 

1 OF SOIL 

1 

1 ORGANIC 
UATXES 

IN SOIL 

TOTAL 

PENTOSAN 

IN SOIL 
ORGANIC 
SLVTTBR 

HEMICELLTJ- 

LosE IN sun. 

1 ORGANIC 

1 IIATTER 

' (htdrolysis 
BY 2 PER 

csntHCI 

1 

URONIC ACID 
ANHYDRIDE 
IN SOIL 
ORGANIC 

uattbr 

1 

URONIC ACID 
CARBON. 
PERCENTAGE 
OF TOTAL 
ORGANIC 
CARTON 

5A 

Manured 

per ceni 

1.45 

percent 

2.49 

per cent 

8.35 

percent 

10.40 


13.56 

7A 

Untreated 

0.76 

1.31 

4.58 

5.80 


23,16 

SB 

Manured and 

1.75 

3.01 

5.25 

7.71 

12.87 

9.09 

1 

7B 

limed 

Limed only 

1.06 

1.82 

4.06 

5.33 

19.98 

14.06 


Martin. Hence the original method of Dickson et aL, was employed in most 
other determinations. 

In order to establish further the relationship between the different hemicellu- 
loses in humus of inorganic soils, which contain only a small amount of or¬ 
ganic matter, a series of plots of a Sassafrass soil, variously treated for the last 
20 years, were selected. As a result of the treatment of these soils with stable 
manure and lime, accompanied by cultivation and yearly crop growth, their 
organic matter content has become markedly modified both in quantity and 
kind. The plot receiving stable manure year after year (SA) contains nearly 
twice as much total organic matter as the unfertilized plot (7A). The plot 
receiving lime only contains more carbon than the untreated plot, because of 
the better crop growth and, therefore, of the larger amoimts of plant residues 
left year after year in the soil. Liming of the soil resulted in a much greater 
reduction of the pentosan than of the total hemiceUulose; although the Umed 
soils contain more total organic matter than the corresponding unlimed soils, 
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they contain less pentosan. The limed soils also contain less total hemicellu- 
lose and less of tibe uronic acid complexes, showing that the effect of lime 
upon the soil makes conditions favorable for the microorganisms capable of 
decomposing the more resistant hemicelluloses. 

The fact that the uronic acid complexes are more resistant to rapid decom¬ 
position than cellulose and the true pentosans is brought out from the uronic 
add figures. The umnanured plots were found to contain a much greater 
relative concentration of uronic acid complexes than the manured plots, this 
being true for both the limed and unlimed plots. In fact, nearly an inverse 
ratio was found to exist between the total amount of orgardc matter and the 
uronic add content. The ratio for the total organic matter of the two unlimed 
plots (5A:7A) is equal to 1.9:1; the inverse ratio between the uronic acid con¬ 
tent of the organic matter of these two plots is 1.7:1. The ratio of the organic 
matter content of the two limed plots (5B:7B) is equal to 1.65:1; the inverse 
ratio between the uronic add content of these two plots is l.SS: 1. This points 
further to the greater resistance to decomposition of the uronic add complexes 
than of the other chemical constituents in plant residues; as a result of this, 
these complexes contribute an important fraction to the humus of the soil. 

A knowledge of the relation between the different hemicelluloses is thus found 
to be of great importance not only for our understanding of the processes of 
decomposition of plant residues in composts, in peat, and in soil, but also for 
our understanding of the chemical nature of the humus of the soil. However, 
in attempting to measure these hemicelluloses quantitatively, at least four 
factors must be considered: a. In hydrolyzing the organic matter with mineral 
adds, incomplete transformation into sugar may take place, especially in the 
case of the uronic add complexes, unless the boiling is prolonged. 6. Under 
these conditions, some of the sugar may be destroyed or changed to furfural. 

c. The CO 2 obtained on boiling soil or peat with mineral adds may not come 
entirely from uronic adds, but from other organic and inorganic complexes. 

d. The hemicelluloses in soil humus, being made up of hexoses, pentoses, uronic 
adds, and possibly other groups, cannot possibly be measured by one single 
method; any one method will give only an imperfect idea of the abundance of 
the hemicelluloses. 


SUMMARY 

Under the tenn “hemicellulose,’' the authors indude both the true hemicellu¬ 
loses, as conceived originally by Schulze, and the polyuronides, according 
to the more recent conceptions of complexes which consist of mixtures of sugars 
and uronic acids. 

In this paper a series of analyses are presented giving the abundance of 
pentosans, of total hemicelluloses, and of uronic add complexes in plant 
materials, in composts where plant substances are undergoing active decom¬ 
position, in peats, in forest soils, and in mineral soils. 

The results obtained show that in the decomposition of plant residues, the 
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true pentosans are attacked more rapidly by microorganisms thfl-n are the 
uronic acid complexes. Whether these are as such more resistant to decom¬ 
position or whether they form compounds with the other chemical complexes 
as lignins and proteins, which renders them more resistant to rapid decompo¬ 
sition, still remains to be determined. 

Different plant materials vary in the relative concentration of the different 
hemicelluloses and in the relative rapidity with which these are decomposed 
by microorganisms. 

With the advance of decomposition of plant residues, there is a progressive 
diminution of the pentosans and a relative increase of the uronic add com¬ 
plexes. 

Manuring of soil results in an increase in the pentosan content, whereas 
continued cultivation of soil without the addition of fresh organic manures 
or plant residues, results in a rapid reduction of the total soil humus and a 
corresponding relative increase in uronic add complexes. 

The nature of the soil, its reaction, soil treatment, and system of fertiliza¬ 
tion will all modify not only the abundance of the total organic matter in soil, 
but also its chemical composition. 
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The Azotobacter group is widely distributed. The literature contains an 
abundance of citations of their uniform distribution throughout the entire 
United States. Lipman and Burgess (12) and others have shown Azotobacter 
to be present in a large number of foreign soils. The occurrence of Azotobac¬ 
ter in soils of Java is reported by Groenewege (5); in Japan by Yamagata and 
Itano (18); in India by Hutchinson (7); and in Denmark by Weis and Bome- 
busch (17). 

When the great climatic variations between these coimtries are considered, 
the ability of Azotobacter to meet environmental conditions is remarkable. 
Thus it is not surprising that various investigators have studied the optimum 
conditions for nitrogen fixation by these organisms. Berthelot (2) was among 
the first to recognize that nitrogen fixation is influenced by temperature. He 
concluded that nitrogen fixation occurred best at summer temperatures, be¬ 
tween 50® and 104®F., and that it was immediately stopped by heating soil to 
230®F. Thiele (16) claimed that although Azotobacter could fix small quan¬ 
tities of nitrogen under laboratory conditions, these temperatures might 
not be favorable under field conditions. Heinze (6) showed that although 
the nitrogen-assimilating organisms were most active between 20® and 30®C., 
they were able to fix appreciable quantities of nitrogen at temperatures of 8° 
to 10®C. Koch (9) obtained fixation of 3, 11, and 15.5 mgm. of nitrogen per 
100 gm. of soil incubated at 7®, 15®, and 24®C. respectively. Krzemeniewski 
(11) and Lohnis and Westerman (14) claim that the optimum temperature for 
nitrogen fixation is 28®C., and that extreme limits are 9® and 33®C. Lohnis 
(13) inoculated 100 cc. of 1 per cent mannite soil extract with 10 gm. of soil 
and incubated it at different temperatures; 3.15 mgm. of nitrogen were fixed 
at 10-20®C.; 4.55 mgm. at 20-22®C.; and 4.27 mgm. at 30-32®C. Jones (8) 
gives the maximum temperature for Azotobacter as 55^0®C., and the mini¬ 
mum near zero. 

Soil microbiological investigations were commenced at the University of 
Arizona in the spring of 1930. As rapidly as time has permitted, soil samples 

^ Contribution from the department of agricultural chemistry, Arizona Agricultural Ex¬ 
periment Station. The author gratefully acknowledges the assistance and advice of Dr. 
P. S. Burgess, professor of agricultural chemistry, who suggested this problem. 
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have been obtained from the principal agricultural sections of the state. Most 
of the soils examined have possessed a very active nitrogen-fixing flora and 
Azotobacter have been found to be present in over 90 per cent of the soils 
examined to date. 

The soils of southwestern Arizona are subjected to intense summer heat, and 
the soil temperatures are high. In the first few inches of the soil, the tempera¬ 
ture during the summer months is high enough to coagulate egg albumin. 
Children at play, often bury eggs in the surface soil, and the eggs are “baked” 
within a short time. Although there is probably no fixation in the first inch 
or so, the lower depths of soil are also subjected to fairly high temperatures. 
Unpublished results of Evans® show that the average annual temperatures of 
soil in the experimental plots on the university campus are approximately 29®C. 
at a depth of 4 inches, and 21®C. at 10 inches. In the summer months these 
temperatures are somewhat higher probably attaining a maximum of approxi¬ 
mately 32*^. at 4 inches. 

The puipose of this paper is to compare the amount of nitrogen fixed by the 
known species of AzotoWter at different temperatures with the quantities 
fixed by species isolated from Arizona soils, under similar conditions. 

EXi»ERIMENTAL 

In the summer of 1930, some preliminary tests were made to determine the 
effects of temperature upon nitrogen fixation. One hundred cubic centimeters 
of Ashby’s liquid medium was inoculated with 2 gm. of soil, incubated at vari¬ 
ous temperatures for 14 days, and then analyzed for total nitrogen by the modi¬ 
fied Kjeldahl method. The results, which are given in table 1, show that there 
was considerable fixation at temperatures higher than those generally con¬ 
sidered optimum. It was then decided to isolate the Azotobacter species and 
to compare their azofying power with those of pure cultures of the various 
species of Azotobacter, 

The six species of Azotobacter described by Bergey (1) were obtained from 
culture collections (three from the American type culture collection and three 
from Dr. E, Pribram’s Mikrobiologische Sammlung, Vienna); and the local 
species were isolated from soils which had shown an especially active Azoto¬ 
bacter flora by inoculating 1 gm. of soil into 100 cc. of sterile Ashby’s liquid 
medium which contained a small excess of calcium carbonate. The fl^ks 
were incubated for several days at 28®C. and a loop of the film was transferred 
by a sterile inoculating needle to a sterile flask of tap water. Dilutions were 
made and plates were poured, using Ashby’s agar medium. The plates were 
examined both macroscopically and microscopically. Typical Azotobacter 
colonies were transferred to Ashby agar slants and incubated. 

Slides were prepared and the stained mounts were examined carefully to 
detect any contaminating organisms. It was necessary to replate some of these 

* Evans, M. M., research assistant in plant pathology, University of Arizona. Private 
commimication. 
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cultures several times in order to remove contaminating organisms. Seven 
pure cultures were obtained and were used in these experiments. 

No attempts were made to identify these organisms. Azotobacter chroocoo 
cum was probably the most common form. Each culture was designated by a 
number, corresponding to the soil sample from which it was isolated. 

Cultures 3-1 and 3-4 were isolated from cultivated soil near Tucson; 5A and 
6B from a cultivated soil several miles west of Tucson, which contained a rather 
large amount of soluble alkali salts; 13 was isolated from a virgin soil in the 
Casa Grande Valley, miles northeast of Casa Grande; 50-C and 50-4 from 
a reddish sandy soil in Oak Creek Canyon, about 75 miles northeast of Prescott 
(Yavapai County). 

Twenty-four hours prior to inoculation, the stock cultures were transferred 
to slants of Ashby agar containing 0.05 per cent KNOs, and incubated at 28®C. 
At the end of 24 hours the slants were completely covered with growth. The 
cultures were examined microscopically before each inoculation. A small 


TABLE 1 

Nitrogen fixed by mixed soil ctdiures ai different temperatures 
(100 cc. Ashby’s solution inoculated mth 2 gm. soil) 


SOZLNmCBIZS 

lO^C. 

28-30*C. 

35“C. 

40"C. 

4S*C. 

SO^C. 


mgm. 

mgm. 


mgm. 

mgm. 

mgm 

IC 

2.7 

14.7 


4.9 

3.2 

2.2 

5 A 

1.2 


14.0 

2.2 

1.3 

1.2 

6C 

1.7 


14.5 

6.1 

4.4 

1.6 

IOC 

1.6 

13.3 

10.9 

7.9 

2.8 

1.6 

15 

2.6 

15.0 

12.5 

11.4 

3.8 

3.6 

19 A 

1.0 

13.0 

5.6 

4.3 

5.0 

1.0 


amount of these actively growing cultures were transferred to 10 cc. of sterile 
tap water, and after being shaken gently, 1 cc. of this suspension was used as an 
inoculum. Fuller and Rettger (3) have shown that the size of inoculum is 
unimportant as long as a sufficient seeding is obtained to give satisfactory 
growth. 

In order to approximate soil conditions to a certain extent and to promote 
aeration without the difficulties of using sterilized soil, sand slants were used in 
these experiments. Rrainskii (10) found that cultures of Azotobacter, when 
grown in Ashby’s solution containing sand, fix two to three times as much nitro¬ 
gen as do the same cultures growing in Ashby’s solution. Greaves (4) cites 
similar increases when gypsum or soil is added to Ashby’s medium; the in¬ 
creases are attributed to greater aeration in the cultures, and probably to col¬ 
loids added. 

Sand, which had been previously washed with steam, was washed several 
tunes with water, dried and sterilized in a hot air oven at 200®C. for 4 hours. 
One hundred grams of this sand was placed in a 500-cc. Erlenmeyer flask with 
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100 cc. of Ashby’s solution and sterilized at IS pounds for IS minutes. When 
cool, these flasks were inoculated with 1 cc., of the bacterial suspensions, and 

TABLE 2 

Nitrogen fixed by pure cultures of azotobacter at different temperatures 


(1 cc. of aqueous suspension inoculated into 100 cc. of Ashby’s solution) 


CULTCSE 

18®C. 





3S"C. 

37.5‘’C. 

40'’C. 

42.SX. 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

4. agilis . 

6.0 

11.1 

11.6 

11.3 

12.6 

lO.S 

4.9 

2.0 

1.6 

A, vinelandii . 

3.5 

7.2 

9.6 

11.5 

10.8 

8.8 

2.9 

0.3 

0.2 

A, vitreus . 

0.9 

2.0 

1.8 

1.9 

1.6 

1.3 

1.3 

1.2 

0.2 

A. woodsUmnii . 

0.5 

1.6 

2.1 

2.9 

1.2 

0.9 

1.8 

0.6 

0.1 

A. beijerinckis . 

1,9 

5.1 

8.1 

7.4 

8.3 

1.5 

1.0 

0.5 

0.6 

A. chroococcum . 

0.9 

3.5 

5.4 

6.1 

9.0 

8.9 

1.7 

2.8 

0.5 

3-1. 

0.5 

9.2 

8.9 

10.5 

11.4 

9.2 

10.4 

9.3 

0.9 

3-4. 

1.4 

7.4 

9.2 

8.7 

10.5 

9.2 

9.3 

10.2 

0.5 

5- A . 

0.4 

7.6 

9.7 

10.4 

11.2 

9.1 

9.5 

9.3 

0.6 

(5-B. 

0.4 

7.5 

8.4 

9.9 

10.3 

9.5 

9.4 

8.7 

0.2 

13. 

0.6 

6.1 

10.4 

10.9 

9.9 

11.8 

7.7 

5.8 

0.2 

50-C. 

1.6 

6.3 

9.3 

9.5 

11.5 

10.6 

9.1 

10.4 

0.2 

504. 

1.4 

6.9 

8.7 

8.6 

1 

10.5 

8.7 

6.5 

3.2 

0.2 


TEMPERATURE't. 

IS 23 275 30 32.5 35 375 40 42:5 



approximately 1 gm. of sterilized CaCOs was added. The flasks were whirled 
gently and then inclined at an angle of about 40°, In this maimer a slant of 
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sand was formed which extended well above the surface of the liquid. Two 
flasks were inoculated from each culture and the flasks were incubated at the 
temperatures given in table 2 . 

The period of incubation was arbitrarily set at 14 days. Preliminary tests 
showed that at 28®C. most of the mannite was used up within a period of less 
than 8 days, and although larger amounts of nitrogen night have been fixed in a 
longer period of incubation, it was concluded that, in such a comparative study 
as this, 2 weeks would be sufficient time for incubation. 

At the end of 14 days the cultures were carefully examined, and their appear¬ 
ance was noted (presence of film, pigment formation, etc.). The cultures were 
then shaken vigorously, allowed to settle a few seconds, and the solution was 
decanted to an 800-cc. Pyrex Kjeldahl flask. Thirty-five cubic centimeter of 
concentrated H 2 SO 4 was added to each flask, and allowed to stand for 30 
minutes with frequent agitation. The acid was then decanted into the Kjel- 
dahl flask, and the sand remaining in the flasks was washed with 500 cc. of dis¬ 
tilled water, using 50-cc. portions of water, shaking well, and then decanting 
off the liquid. 

The excess of water was boiled off, and heating continued until charring com¬ 
menced, then Hibbard’s digestion mixture was added, and nitrogen was de¬ 
termined in the usual manner by the Kjeldahl method. In the first few series, 
blank determinations were made upon cultures inoculated in the same manner 
as the flasks which were incubated. The amount of nitrogen added in the in¬ 
oculums could not be detected by the Kjeldahl method. In the succeeding 
series, blank determinations were made upon 100 cc. of the media only. The 
results of the analyses, from which the blank ( 0.1 mgm. per flask) has been 
deducted, are given in tables 1 and 2 and figure 1 . 

DISCUSSION 

Tables 1 and 2 reveal several interesting facts. Table 1 shows that these 
soils have a very active nitrogen-fixing flora. The amounts of nitrogen fixed 
at 45'’ and 50® are significant, although it is doubtful whether fixation at these 
temperatures was due to Azotobacter, since film formation, which is character-’ 
istic of Azotobacter, was very slight at 40® and entirely lacking in some cases. 

There is a great difference between the quantities of nitrogen fixed by the 
various Azotobacter stock cultures. Of these, A. agUis was by far the most 
active fixer, with A . vinelandii a close second; A . beijerinckii grew well from 27 
to 32.5®C., and A . ckroococcum was most active between 30 and 35®. It is also 
interesting to note that the greatest quantity of nitrogen was fixed at 32.5®, 
and that A. agUis, vinelandii, and ckroococcum fixed considerable amounts at 
35®, although the optimum temperature is considered to be 28®. A, woodstownii 
and vitreus were not active fixers at any temperatures. 

The cultures of Azotobacter isolated from Arizona soils fixed less nitrogen 
at 18® than the stock cultures, but in the succeeding temperatures, the amounts 
were much greater. This is especially true at the higher temperatures. At 
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37.5® and 40® fixation is still very active, although the latter temperature is 
apparently the maximum for fixation under the conditions of these experiments. 

There was not a great deal of variation in the amounts of nitrogen fixed by 
the Arizona cultures, as compared with the stock cultures. 

It might be well for purposes of comparison to evaluate the temperatures 
used in terms of mean average temperatures of some cities. Smith (15) gives 
such a comparison. The mean annual temperature of Athens, Greece; Ft. 
Worth, Texas; Tucson, Los Angeles, and Buenos Aires is approximately 17- 
18®C. (63-65®F.); for Brawley, California, Mohawk, Arizona, and Rio de 
Janeiro, approximately 23®C. (73-7S®F.); Yucatan and Khartum have mean 
annual temperatures of about 26®C. The record maximum for the United 
States is 57®C. (134®C.) in Death Valley. 


Average mean monihly iemperaiures of certain cUies 
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feet, which accounts for the lower temperatures. The temperature of Jerome, 
however, is nearer to that of Oak Creek Canyon, where samples 50-C and 50-4 
were taken. The averages for Tucson and Yuma give some idea of the tem¬ 
peratures to which the soils of southern Arizona are exposed. It must be 
remembered that these are mean temperatures, and not extremes, which have 
been as great as 44.2®C. at Tucson, and 47.9‘^C. at Yuma. Table 3 shows 
that with the exception of Prescott, the temperatures of the Arizona cities 
are considerably higher for every month than the temperatures of the other 
cities. 

It is apparent that the Azotobacter flora of Arizona soils have been subject 
to high temperatures for many thousands of years. In southern Arizona the 
lowest mean extreme maximum temperature, which is for the month of Janu¬ 
ary, is 26®C., whereas during the months of May to September the mean ex¬ 
treme maxima vary from 37® to 41®. 

It is not surprising, therefore, that these organisms are more active nitrogen 
fixers at high temperatures than are the stock cultures which were isolated from 
soils of more temperate regions. On the other hand, neither is it surprising 
that the latter were more active at lower temperatures. It does not seem, 
therefore, too far fetched to consider that these organisms have adapted them¬ 
selves somewhat to their particular environment. 

Objections may be raised to this assumption, but the fact remains that the 
stock cultures which were isolated from soils of temperate regions and which 
had been cultivated artificially for many generations on synthetic media at a 
temperature of 28®, far above the average temperature of the soils from which 
they came, did not fix as much nitrogen at higher temperatures as did those 
from Arizona soils, which are accustomed to higher temperatures. 

Another objection is the possible loss of vigor due to prolonged cultivation 
under artificial conditions. Indeed, Fuller and Rettger (3) show that a freshly 
isolated strain of Azotobacter chroococcum fixed more nitrogen than did three 
stock strains of the same organism. This difference however, is not so great 
as the differences between the amounts of nitrogen fixed by the Arizona cul¬ 
tures and the stock cultures. Although it is possible, under certain conditions 
to attenuate some organisms, it is not possible to affect others materially. 
The typhoid organism may remain in a dormant state for a considerable period 
of time in ice cream, and yet a most virulent case of typhoid may result from 
some person eating that food. The Arizona cultures were isolated in October, 
1930, and have been cultivated continuously on synthetic media since that 
time. These fixation experiments were not commenced until February, 1931, 
and were continued until August, 1931. Thus, any unusual vigor of a freshly 
isolated culture was avoided. 

The life cycle of Azotobacter is short, but it has probably been so for ages. 
It does not seem possible, therefore, by means of cultivating these or ganisms 
for a relatively short time under entirely different conditions, to obliterate the 
effect of an environment that has lasted for a long period of years. 
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SUMMARY 

The physiological activity of the six recognized species of Azotobacter has 
been determined at different temperatures. A . agilis is the most active nitro¬ 
gen fixer, with A. vinelandii a close second. A . beijerinckii and A . chroococcum 
are next in order. A, vUreus and A. woodstownii were not active fixers at any 
temperatures. 

The seven cultures of Azotobacter isolated from Arizona soils fixed greater 
quantities of nitrogen at all temperatures except at 18.0®C. 

In general, greatest fixation occurred at 32.S®C. A, agilis, vinelandii, and 
chroococcum were qidte active at 35°. Although the cultures from Arizona soils 
fixed the greatest amount of nitrogen at 32.5°, they were very active at higher 
temperatures. The quantities of nitrogen fixed by them at 40°C. were approxi¬ 
mately the same as those fixed at 27.5°C. The maximum temperature for 
fixation was 40°C. 

The Azotobacter flora of Arizona soils have been subjected to high tempera¬ 
tures for a long period of time. Data presented in this paper indicate that they 
have become adapted to this environment, and consequently are able to fix 
nitrogen at higher temperatures than cultures of Azotobacter which come from 
soils of more temperate regions. 
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The obscurity of many absorption and adsorption reactions, especially those 
occurring in soils, has led to a certain confusion in the use of terms: for this 
reason and to avoid the implication of any precise ph)rsical interpretation, the 
word ‘^sorption” is employed in the present paper. 

An attempt has been made to use conductivity measurements on soU-in- 
water suspensions to give a general and relative idea of the sorptive capacities 
of soils, correlating these observations with pH determinations. A comparison 
of natural soils was followed by observations on '^hydrogen soils,” on “calcium 
soils,” and on pure silica gels in order that the spedfic effects of different ions 
might be compared and their part in the sorption mechanism elucidated. 
Similar determinations were made with soils previously heated through various 
ranges of temperature in order that further information (3) on the nature of 
changes thereby produced might throw light upon the process of sorption itself. 

EXPERIMENTAL DETAILS 
Conductivity measurements 

The comparatively high resistances (specific conductivity of the order of 10“^ 
mhos) of soil in water suspensions (1 gm. soil: 5 cc. water) necessitated the use 
of large electrodes placed fairly close together; and, since stirring was necessary 
to ensure attainment of equilibrium, the electrodes had to be fixed securely in 
order that their relative position should remain unaffected. This condition was 
fulfilled by having small rods of borosilicate fastened across the comers of the 
electrodes, as shown in figure 1. Stirring was effected mechanically, using a 
stirrer of Pyrex glass made to move up and down outside the electrodes. 

A number of Jena beakers served as conductivity ceUs: their rims were 
ground so as to give an air-tight fit with ground glass covers when not actually 
closed by the mahogany rubber-lined cover holding the electrodes. The whole 
arrangement is shown in figure 2. 

All the conductivity measurements were taken at 18®C. The conductivity 
beakers were steamed before use. The cell constant (0.094) was checked from 
time to time, and remained invariable throughout the series of measurements, 

^ The author wishes to Mr. C. G- T. Morison, in whose laboiatoiy the work was 
carried out and whose criticism and advice were invaluable. 
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The water used for conductivity and pH measurements was purified by boiling 
out distilled water in the Jena flasks normally used for storage, closing these 
before cooling with corks fitted to soda-lime tubes: It had an average specific 



Fio. 1. Rods ofIbokosilicaie Fastened Aceoss the Corners oe the Electrodes 






TT 

Fig. 2. Arrangement oe CoNDTJcnviTy Cells 


conductivity of 1.6 X 10"® mhos. All the salts used for sorption measurements 
were standardized conductometrically. 

The 1:5 aqueous suspensions were made up in the proportion 30 gm. soil: 
149.8 gm. (150 cc. at 18®C.) water, and stood in a thermostat at 18®C. It was 



SORPTION PHENOMENA 


165 


observed that mechanical stirring seldom altered the conductivity of suspen¬ 
sions which had been allowed to settle out overnight; and, in conductivity 
changes due to sorption, it was only necessary to stir for several minutes before 
an equilibrium value was attained. For the experiments on heated soils, dupli¬ 
cate 30-gm. lots were placed in weighed silica basins and heated in ovens at 
different temperatures: a few hours’ heating to redness was sufficient to bring to 
constant weight but at 98®C. the weight altered gradually for several da 3 rs and 
the heating was continued for a week. In order to obtain more strictly com¬ 
parable results for soils which had lost a certain amount of water on heating, 
the aqueous suspensions were always made up with water to a weight of (30+ 
149.8) gm., the excess water being allowed for in calculating conductivity due 
to added salts. 

The conductivity of unheated soil-in-water suspensions showed a continuous 
drift, probably on accoimt of bacterial action. Concordant initial values which 
remained constant over var 3 dng periods were attained by boiling the suspen¬ 
sions for a short time before use. The standard method finally adopted was to 
add to 30 gm. soil approximately 155 cc. water (to a mark on the outside of the 
beaker), bring quickly to the boil, keep boiling for 10 minutes, cool, and make 
up to a weight of (30 + 149.8) gm. This seemed to be the most accurate 
method attainable since it prevented bacterial action and, at the same time, 
gave values differing but slightly from those of suspensions kept at 18®C. 

pH measurements 

PH measurements and pH titrations were made on 1:5 aqueous soil suspen¬ 
sions using the quinhydrone electrode of Biilmann (1). Equilibrium pH values 
were reached almost instantaneously. 

Determination of the ^‘degree of unsaturation^^ iT~S) 

The method of Hissink (5) was employed. Two-gram portions of soil were 
shaken with SO cc. baryta solution of different initial concentrations and the 
final concentration of alkali was estimated after standing by titrating samples 
of the supernatant solution. 

According to Hissink, the sorption of base from solution requires several 
days to reach equilibrium. On employing mechanical shaking, however, it 
was found that equilibrium hydroxyl concentrations were reached almost at 
once. Attainment of conductivity values which remained constant after the 
first 10 minutes on addition of KOH confirmed this conclusion. 

Electrodialysis of suspensions 

The dialysis cells were of the type designed by Mattson (8). The parch¬ 
ment membranes used in the first series of experiments were later replaced by 
cellophane paper. The electrodes were made as large as possible in order to 
minimize heating effects: the cathodes were made of fine nickel gauze and the 
anodes of platinized glass plates, made by fusing colloidal platinum into glass 
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at its melting-point. The P.D. across the cells was 100 volts and the maximum 
current about 0.2 amps. 

The anode and cathode solutions were replaced after increasing intervals of 
time by distilled water. The total exchangeable cations were estimated as 
hydroxides, after addition of excess of standard acid, by titration. The anode 
dialyzates were titrated directly with 0.01 N KOH using methyl red as indi¬ 
cator: the total anions estimated in this way were only about one-eighth of 
the total cations: qualitative tests showed the presence of carbonate, nitrate, 
and sulfate; but no silicate ions could be detected in the anode solutions and 
were apparently unable to pass the pores of the parchment membrane. 

It was found that small quantities of anions and cations continued to dialyze 
after an indefinite period of time; even two months of electrodialysis did not 
completely obviate further extraction. 

The suspensions remaining after electrodial 3 ^is were washed into conduc¬ 
tivity beakers and boiled as in the usual method. They were all extremely 
sticky: they had a pH of about 3.8 and a specific conductivity of about 0.5 X 
10"^ mhos. 

Five typical subsoils were employed. Their general characteristics are 
shown in table 1. 

If no sorption or exchange reactions or other gel effect obtained, the specific 
conductivity of a suspension in dilute aqueous suspension should be the sum of 
two values,'—the original specific conductivity and that of x/(l50 + x) N 
chloride solution, where x ^ cc, N chloride added to ISO cc. solution. Any 
variation from this calculated value would be due to the soil- or gel-complex. 

After obtaining conductivity curves for addition of the salts to water only, 
preliminary tests were made with filtered soil and gel extracts. The calculated 
conductivity values were found to be identical with those obtained experi¬ 
mentally. 

But, in cases of soil suspensions^ a decrease in specific conductivity from the 
calculated value together with an increase in the acidity of the resulting solution 
was observed. This indicates that there is some kind of sorption from solution 
much greater in extent than the exchange reactions postulated by Page (10) and 
others. If the only reaction was a hydrogen exchange of the type MCI + H 
complex == HCl + M complex, the conductivity of the solution would increase, 
whereas exchange with other cations would have comparatively little effect. 
The decrease in conductivity due to sorption is therefore greater than that 
actually observed by an amount corresponding to the hydrion exchange. 

The conductivity value observed about 10 minutes after each addition of 
chloride solution remained constant over periods var 3 dng from a few hours to 
several days, showing that the sorption, displacement, or whatever reaction it 
may be, is completed immediately. 

Changes in specific conductivity and in pH on addition of various chloride 
solutions to all five soils are shown in table 2. It is seen from the table that, of 
the salts added, aluminum chloride gave the lowest final pH values; but, when 
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calculations were made to deduct acidity due to the salt solution itself, an actual 
decrease in hydrion concentxation was found. Of the other salts added, 


TABLE 1 


Characteristics of the five subsoils used 


SOILS 

CLAY 

CaCOt 

(T-S) 

pH 

SFZGEFIC 

CONDUCnVITY 

I 

per cent 

33 

percent 

per 200 gm, 

32 

4.6 

mJtosXlO-* 

1.40 

n 

56 


36 

7.5 

2.81 

m 

9 

0.1 

15 

7.8 

1.03 

IV 

7.5 

9.9 

15 

7.6 

1.96 

V 

3.4 

1.6 

5 

8.5 

0.70 


TABLE 2 

{B-A) values and final pH values for addition of chlorides to aqueous soil suspensions 


A =* observed specific conductivity in mhos X 10"^. 
B calculated specific conductivity in mhos X 10^. 
N normality of salt in mille-equivalents per liter. 


N . 

2.5 

5.0 

mm 

10.0 

pH 


miiii 

m 

10.0 

pH 



NaCl 

Kd 

I 

ml 

0.74 

1.48 

1.76 

4.2 

HQ 

IB 

2.55 

3.37 


n 

1^ 

0,96 

m 

1.95 

5.8 


IB 

2.60 

3.95 

5.8 

m 

0,41 

0.88 

lo 

1.95 

6.7 

0.85 

1^ 

2.32 

3.22 

.... 

IV 

0.47 

1.03 


2.30 

7.2 

0.65 

1.26 

2.14 

2.76 


V 

.... 

0.80 

1.15 

1.33 

7.8 

0.58 

1.15 

2.07 

2.71 



MgCla 

Cad* 

I 

na 

0.52 

0.88 


4.0 




1.69 

4.0 

n 


0.64 

1.06 

m 

5.7 

0.70 

1.22 

2.0 

2.88 

5.5 

m 

0.50 

0.88 

WKi 

1.78 


.... 

.... 


2.0 

6.3 

IV 

0.47 

0.82 


1.65 





2.32 

6.9 

V 

0.35 

0.70 

1.14 

1.69 



.... 


1.16 

7.5 


Aids 

HCl 

I 


0.98 


2.31 


6.4 

11.4 

15.7 


3.33 

n 

■HH 

1.22 

.... 

2.86 

5.25 

7.4 

14.8 

22.5' 

30.1 

4.51 

m 

mu 

1.50 

9 m m * 

2.92 

5.36 

7.4 

14.8 

22.1 

29.7 

4.52 

IV 

mu 

0.66 

« • • P 

1.79 

6,8 

7.0 

14.2 

21.5 

28.8 

6.55 

■1 

Hi 

0.68 

.... 

0,4 

7.1 

5.8 

12.7 

19.8 

27.0 

7.14 


displacement of hydrion was found to be greatest in the order Ca > Mg and 
K > Na. 

When the conductivity decrease is plotted against calculated concentration 
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of sorption for soil 11 is not exactly tire same as that for the other soils, and 
must obviously be influenced by the exchangeable bases already present in the 
soil. In order to find the extent of this Muence, a number of “hydrogen,” 



Explanatory note: The values pbtted against concentration in this figure axe not con¬ 
ductivity values: they are the actual amounts in m.e. per liter of the ions sorbed.— ^Author. 


TABLE 3 


Sorption values in m.e. per liter for sohiions originaUy 0,01 N with respect to the salt added 


SOIL 

HCl 

Naa 

m 

MgCIs 

CaCb 

AlCli 

I 

7.20 

1.66 

2.68 

1.32 

1 54 

1.83 

n 

8 01 

1.85 

3,13 

1.44 

2.62 

2.26 

m 

7.91 

1 85 

2.58 

1.70 

1.82 

2.32 

IV 

7.67 

2.19 

2.19 

1.58 

2.11 

1.42 

V 

7.20 

1.26 

2.15 

1.62 

1.05 

0.31 


“calcium,” “potassium,” and “sodium” soils were prepared and used for a 
similar set of sorption measurements: they were made by the following method: 

Thirty-gram lots of soil n were boiled up with two successive portions of N chloride solu¬ 
tion (0.2 N for HCl), the supernatant solutions being decanted throu^ Whatman filters. 
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After sk washings with distilled water, boiling up and draining off each time, almost the 
whole of the soil samples had been washed on to the filters. The sodium soils were so sticky 
that drainage of the wash water was very slow and only three washings could be given before 
filtration practically ceased. The samples were then washed off the filters into their original 
conductivity beakers, boiled, cooled, and made up to weight by the usual method. The loss of 
soil in the process was negligible. 

Conductivity results obtained with previously leached soils are shown in 
figure 5. Those for the calcium soil were practically identical with those for 
the original soil, which probably contained 80 per cent of its exchangeable base 
as calcium. Potassium and sodium soils gave an apparent sorption of calcium 
slightly greater than the original soil: they also gave a greater apparent sorp¬ 



tion of hydrogen. Hydrogen soils gave decidedly lower (B-A) values and, at 
the same time, much greater increases in acidity than the original soils; e.g., for 
0.01 N KCl an increase in Ch of O.OOOSSiV was observed for the hydrogen soil 
in place of an increase of only 0.000002iV' for the untreated soil. 

As the sorption was thus affected by the cations originally present in the soil, 
only the electrodialyzed and ^Tiydrogen” soils were used to compare hydrion 
replacements. In parallel with the conductivity measurements on these soils, 
a series of Ch titrations was carried out, first obtaining ‘T)lank” Ch curves for 
addition of the salts to water only. The extra increases in acidity of the sus¬ 
pensions were then used to give C values, or increases in conductivity due to 
hydrion exchange: these values are shown in figure 6. 
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For an increase in hydrion normality of a;, the C value would be found by 
subtracting the specific conductivity ofxN MCI from that of ^ iV' HCL 
The values then tabulated were; (B — 4 -f- C) = calculated decrease in 
conductivity due to sorption; 5 = sorption in equivalents per liter 

as read off from conductivity v concentration curves. 

The S values for the 'Tiydrogen” soil appear in figure 7 and show that, 
despite specific effects on the displacement of hydrogen, there is, in the case of 
potassium, calcium, and magnesium, an identical sorption—or total removal of 
a particular cation—from solution. The greater slopes of the curves for 
aluminum and hydrogen would be expected to result from the greater acidity 



of the solutions if, as it appears, there is any kind of ratio distribution between 
soil and solution. 

The curves for electrodialyzed samples of soil n showed sorption of hydrogen 
sodium, and potassium in equivalent amount and greater than that by the 
^Tbydrogen” soil. Now, the initial acidity of the suspensions of “hydrogen” 
soil, prepared by leaching soil EE with hydrochloric add, was greater than that 
of the electrodialyzed samples (pH about 3.3 instead of 3.8) and the hydrions in 
suspension would presumably compete in sorption with the metallic cations 
added. Thus the observed sorption would be less in the more add solution. 
Such competition between cations has been noted by many investigators; for 
example, the caldum and potassium sorbed by hydrogels of silica and al umi na 
have been shown to decrease with increasing hydrion concentration of the solu¬ 
tion (4), whereas conductivity observations in the present series of experiments 
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on addition of potassiim chloride following oxalic acid to soil-suspensions 
show that, for the concentration range 0.002 N — 0.05 N, the hydrion sorbed 
decreases with increasing concentration of potassium ions. 

The next step was to observe the effects on conductivity, pH and sorption 
values of previous heat-treatment of all the natural soils, and to compare these 
values with the others. As already described, the samples were heated to con¬ 
stant weight: the suspensions were given an extra weight of water equal to the 
loss of “combined water” on heating. 



TEMPERATURE EPEECTS 

The effects of heating soils over various ranges of temperature are shown m 
table 4. A study was made of the resulting changes in specific conductivity, 
sorptive capacity as determined conductometrically, pH, and (TS) values. 

It is seen from the table that previous heating to 98®C. about trebles the 
specific conductivity of 1:5 aqueous suspensions: values for soils previously 
heated at 105-110®C. are greater than those for soils heated at 98®C., whereas 
heating at 150®C. increases the conductivity to an even greater extent. Igni¬ 
tion, except for the calcarious soils in which the enormous conductivity in¬ 
creases can be accounted for as due to formation of soluble oxides, decreases the 
conductivity to about half that for the unheated soils. The table shows a 
marked increase m acidity for suspensions of previously heated soils, indicating 
removal of hydrion from the colloidal complex of the soil. 

It appears that, for each soil, there is an optimum temperature between the 
limits 110-150®C. at which the liberation of soluble salts from the complex is 
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greatest: it is at this temperature also that the sorption capacity {B~A values) 
for added cations and salts is greatest. These results indicate some kind of 
heat-activation of the colloidal soil complex. 

In order to see whether the sorption problem for soils could be attacked in a 
more direct manner, it was decided to seek similarity between the conditions 
already described and those obtaining for colloidal silicic add. For this pur¬ 
pose, three silica hydrogels were prepared by stirring solutions of hydrochloric 
acid into an equivalent amount of 2 N sodium silicate solution: they were 


TABLE 4 

Temperature ejfects on soils 


TSEAXUZMT 

pH 

D 

H 

pH 

A 

S 

pH 

A 

s 

pH 

A 

S 

pH 

A 

s 


Soil I 

Soil n 

Soil m 

Soil IV 

Soil V 

Boiled 

4.6 

1.40 

2.17 

8.2 

2.81 

3.33 

8.5 

1.03 

1.98 

7.9 

1.96 


9.0 

0.70 

1.39 

18°C. 

5.0 

1.06 

2.59 

7.9 

2.4Q 

3.39 

8.2 

0.74 

2.31 

7.6 

1.21 


8.8 

0.46 

1.90 

98® 


3.75 



10.45 



4.18 

2.72 


3.62 


.... 

4.94 


108® 

3.9 

3.56 

2.42 

EWii 

11,60 

4.30 

6.8 

5.97 

2.72 

7.1 

7.95 


7.2 

7.40 

2.93 

120 ® 

3.4 

6.31 

2.93 

4.6 

16.10 

.... 

5.6 


2.83 




7.0 

5.39 

3.58 

160® ! 


5.80 

3.09 


14.00 

4.20 

.... 

8.15 

2.40 


10.16 



3.87 

2.71 


Ts 

0.93 

1.57 



yg 

IS 

3.00 

2.06 

11.0 



.... 

40.70 

.... 


A = specific conductivity of 1:5 aqueous suspension in mhos X KT*. 

S =» apparent sorption in mille equivalents per liter from 0.01 N KCl solution (Ejecting 
corrections for changes in acidity). 


TABLE 5 

Properties oj three gds 



APPS0XISC4TE 

coicposznoN 

£bO 

pH 

SFBCirZC CONDUCnV- 
ITY (10^ mhos) 



■ai 

1:50 

1:5 1 

1:50 

Gel I. 

Si 02 *EtO 

percent 

23 


4.20 

■ 

n 

Gd n. 

Si 02 • 2 EtiO 

37 

3.72 




Gel m . 

Si02 • 3 H 2 O 

47 

3.74 

4,64 

IB 

la 


washed by decantation, filtered off, forced through a dye onto gauze frames, 
and dried in a current of air at room temperature. The hard, glassy granules 
so obtained were purified by electrodialysis and then dried to constant weight 
at room temperature. 

The three gels employed had the properties shown in table 5. 

The gels were graded by sieving, the granules used being 1 to 2 mm. in diam¬ 
eter. Conductivity measurements on suspensions of particles of diameter less 
than 0.2 mm. gave the same values only when allowed to stand for some time 
after stirring; the presence of such particles between the electrodes increased 
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the electrical resistance of the suspensions. But, apart from this, particle size, 
and therefore surface area, had apparently no effect on the degree of sorption. 

The conductivity and sorption values were unaffected by previous boiling. 

Conductivity and pH titrations were made on aqueous gel-suspensions in a 
similar manner to those described for the soils; but the pH measurements had 
to be made on the ‘^poured off*^ equilibrium solutions, as the presence of gel 
particles caused potential drift. It was therefore necessary to use a number of 
separate suspensions for each titration, withdrawing a fresh sample of solution 
for each pH measurement. 

The three silica gels differed in the extent to which they liberated hydrions or 
sorbed cations according to their original composition. The gel prepared from 



the weakest acid (0.5 N) and having the highest water-content showed least 
hydiion exchange but greatest sorptive capacity. 

In addition to the usual chloride solutions, KNOa and K 2 SO 4 were employed 
for conductivity and pH titrations, the concentration range being up to 0.05 N, 
Attempts were also made to trace changes in chlorion concentration potentio- 
metrically, using Ag: AgCl electrodes: they failed to yield concordant results. 
Such changes were estimated for 0.05 N solution by titrating the filtrates with 
0.01 N AgNOa, using di-chlor-fluorescein as indicator ( 6 ). Corresponding volu¬ 
metric estimation of calcium, after precipitation as oxalate, showed removal of 
calcium and chlorine in equivalent amounts. But since the hydrion exchange 
or excess of cation to chlorion assiimed to be removed from solution is only one- 
tenth of the total soiption in 0.01 N solution and also has greatest effect in the 
most dilute solutions, volumetric methods can hardly be relied on as a test of 
tmequivalent sorption of anion and cation. 

The gels gave greater exchange with hydrogen than the soils, the C values 
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being about one tenth of the {B-A) values for 0.01 N solutions. The relatively 
greater extent of hydrion exchange resulted in more complicated forms of 
{B~A) and C curves, which, although differing in extent according to the par¬ 
ticular gel or cation used, were of the general form shown in figure 8. Though 
exaggerated for gel III, the figure underestimates the case for gel I, the gel 
giving the greatest hydrion exchange. 

Below salt-concentrations of 0.002 iV', very slight decreases both in acidity 
and in conductivity were observed, showing that addition of very small pro¬ 
portions of metallic cations can cause an increase in the sorption of hydrion 
from solution. With increasing concentration of salt, however, there followed 
a definite slight increase in conductivity accompanied by considerable increase 
in acidity, soiption being masked by exchange, until, in concentrations 
between O.OOS N and 0.01 iV, there was little further hydrion exchange but an 
increasing sorption of ions from solution. 

The two curves shown were combined to give (B — + C) values, which 

were used to read off from the original 'iDlank” curves the S values, or actual 
decreases in milligram equivalents per liter, of the particular cation employed. 
By this method, sorption concentration curves were obtained for all the salts 
and acids employed. 

The only specific effects were those on hydrion exchange. The Ch curves 
varied in steepness according to the particular chloride on nitrate employed: 
displacement of hydrion was greatest in the order Ca > Mg > K > Na. The 
results for aluminum ions could not be compared with these because of the much 
higher proportion of hydrions present in aluminum chloride solution. Apart 
from the initial exchange reaction, no preferential order of cation sorption could 
be observed. The hydrions in solution must necessarily have a secondary 
effect on the soiption of any particular cation: the cation which replaces 
hydrogen to the greatest extent initially will be the most affected by competi¬ 
tion with unlike ions. 

The results obtained from conductivity and pH titrations on the 1:5 gel 
suspensions are given in table 6. Only the readings for gels II and III are 
included, partly for the sake of brevity and partly because the measurements 
for gel I were mostly tahen on 1:50 suspensions instead of the 1:5 ratio em¬ 
ployed in all the other cases. The 1:50 suspensions gave smaller sorption 
values with therefore a greater possible percentage error; otherwise there was 
no difference in the form of results obtained. 

Table 6 shows that hydrion exchange in the gels has initially the greater 
effect on conductivity, whereas, with increasing concentration of salt, the pre¬ 
dominating factor is removal of the salt as a whole. When the salt concentra¬ 
tion has reached 0.01 iV, most of the exchangeable hydrogen has been liberated: 
for potassium chloride, the Ch of gel 11 has increased from 0,00019 N to 
0.00035 N, and that of gel m from 0.00018 N to 0.00025 N. 

Although the final sorption curves resulted from a number of separate proc¬ 
esses, they presented a remarkable unifonnity. When soiption for any 



176 


ELIZABETH D. DE PARAVICINI 


TABLE 6 

Addition of salts to 1:5 gel suspensions 
N » normality of added salt in m.e. per liter. 

A = observed specific conductivity in mhos X 10“^. 

B = calculated specific conductivity in mhos X 10“"*. 

C — increase in specific conductivity due to hydrion exchange. 

S « m.e. salt sorbed per liter (read off from conductivity graph). 


N 

D 

B 

B-A 

■ 

B^A+C 

S 

ZNCBXASE IN 

Ch 


■ 



■ 



m.e./tiier 


Gel III 



4.2 

5.79 

6.09 

0.30 

0.09 

0.39 

0.37 

0.04 


11,6 

12.74 

13.48 

0.74 

0.16 

0.90 

0.85 

.... 


15.9 

16.63 

17.67 


0.18 

1.22 

1.15 

.... 

NaCl ] 

21.5 

21.61 

23.00 

1.39 

0.19 

1.58 

1.50 

.... 


29.9 

27.11 

29.05 

1.94 

0.19 

2.13 

2.02 

.... 


38.6 

36.29 

39.25 

2.96 

0.20 

3.16 

3.00 

■ >. ■ 


44.8 

41.41 

44.91 

3.50 

0.20 

3.70 

3.55 

0.07 


5.5 

8.16 

8.48 

0.32 

0.13 

0.45 

0.35 

0.04 


8.5 

11.53 

12.16 

0.63 

0.14 

0.77 

0.60 



11.3 

14.71 

15.59 

0.88 

0.15 

1.03 

0.81 

• » » > 

KCl ^ 

14,2 

17.90 

19.02 

1.12 

0.15 

1.27 

1.00 


18.8 

22.88 

24.27 

1.39 

0.16 

1.55 

1.22 



23.6 

28.00 

29,95 

1.95 

0.20 

2.15 

1.70 



26.8 

31.38 

33.58 

2.20 

0.21 

2.41 

1.91 

.... 


33.1 

37.82 

40.75 

2.93 

0.22 

3.15 

2.51 

0.08 


2.2 

3.81 

3.81 


0.12 

0.12 

0.11 

0.04 


6.3 

7,56 

7.83 

0.27 

0.16 

0.43 

0.41 

• • • * 


8.8 

9.77 

10.26 

0.49 

0.17 

0.66 

0.62 

• • • • 

MgOi ■ 

14.9 

14.91 

15,79 

0.88 

0.19 

1.07 

1.01 



20.4 

19.62 

20.75 

1.13 

0.20 

1.33 

1.27 



38.0 

33.38 

35.60 

2.22 

0.22 

2.44 

2.34 



46.5 

23,65 

42.72 

2.90 

0.23 

3.13 

2.98 

0.07 


3.4 

5.20 

5.33 

0.13 

0.14 

0.27 

0.25 

0.04 


6.1 

7.82 

8.12 

0.40 

0.15 

0.55 

0.49 



9.3 

10.82 

11.33 

0.51 

0.17 

0.68 

0.61 


CaCl2 

12.2 

13.40 

14.13 

0.73 

0.17 

0.90 

0.81 



16.6 

17.18 

18.30 

1.12 

0.18 

1.30 

1.18 



36.6 

34.11 

36.50 

2.39 

0.20 

2.59 

2.36 

• • • • 


. 47.7 

42.79 

46.25 

3.46 

0.20 

3.66 

3.33 

0.06 


' 9.1 

15.28 

11,49 

-3,79 

5.00 

1.21 

0.95 

2.03 

AlCl* < 

13.2 

19.71 

15.80 

-3.91 

5.91 

2.00 

1.59 

< • • * 

18.2 



-4.23 

6.78 

2.55 

2.02 

.... 


, 25.6 



-3.79 

7.70 

3.21 

2.56 

.... 
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TABLE 6—Continued 


N 

A 

B 

B-A 

■ 

B-A+C 

■ 

IHCIEASE nt 

Ch 





■1 


■1 

fn,e.lliicr 


Gel III—Concluded 



3.7 

5.90 

6.22 

0.32 

0.10 

0.42 

0.33 

0.04 


8.4 

11.03 

11.66 


0 14 

0.77 

0.65 



11.5 

14.29 

15.14 


0.15 

1.00 

0.84 

• • * • 

KNOs ] 

17.4 

20.54 

21.74 

1.20 

0.16 

1.36 

1.14 

• • - • 


22.3 

25.35 

27.22 

1.87 

0.18 

2.05 

1.67 

• • * - 


30.8 

33.87 

36.29 

2.42 

0.21 

2.63 

2.16 

.... 


41.2 

43.62 

47.04 

3.42 

0.22 

3.64 

2.95 

0.08 


6.1 

8.41 

8.85 


0.10 

0.54 

0.42 

0.04 

TT cr\ i 

8.9 

11.30 

12.07 


0.12 

0.89 

0.71 

.... 

JLS0U4 ^ 

12.5 

14.89 

15.88 

1.01 

0.15 

1.16 

0.91 

.... 


33.0 

34.11 

36.75 

2.64 

0.17 

2.81 

2.27 

0.08 


2.7 

10.54 

11.65 

1.11 



0 30 



4.4 

16.03 

17.91 

1.88 


■ • • ■ 

0.50 

.... 


6.9 

24.17 

27.08 

2.91 


• • • • 

0.78 

.... 


msm 

36.78 

41.44 

4.66 


• ■ * • 

1.24 

.... 

HCl * 

15.1 

50.60 

57.76 

7.16 

.... 

• •. ■ 

1.90 

.... 


21.8 


83.02 

11.96 


.. • # 

3.19 

.... 


27.4 

88.41 


16.00 

.... 


4.26 

.... 


33.6 

105.64 

128.36 

22.72 



6.45 1 



42.3 

132.10 

162.44 

30.34 

.... ! 


8.08 



Gel II 



3.5 

4.88 

4.81 

-0.07 

0.28 

0.21 

0.20 

0.11 


6.8 

8.09 

8.09 

.... 

0.35 

0.35 

0.33 

.... 

NaCl < 

12.2 

13.21 

13.45 

0.24 

0.40 

0.64 

0.60 

.... 

16.8 

17.40 

17.91 

0.51 

0.43 

0.94 

0.89 

.... 


24.5 

24.36 

25.18 

0.82 

0.45 

1.27 

1.20 

.... 


52.9 

48.86 

51.43 

2.57 

0.47 

3.04 

2.87 

0.18 


2.2 

4.06 

3.94 

-0.12 

0.27 

0.15 

0.12 

0.11 


4.6 

6.97 


0.03 

0.33 

0.36 

0.28 

.... 

KQ ■ 

10.9 

14.29 

14.64 

0,35 

0.38 

0.73 

0.57 

.... 


16.2 

20.13 

20.78 

0.65 

0.39 

1.04 

0.82 

.... 


23.4 

28.00 

29.16 

1,16 

0.40 

1.56 

1.18 

0.18 


4.6 

5.86 

5.71 

-0.15 

0.37 

0.22 

0.21 

0.18 


13.0 

13.40 

13.53 

0.13 

0.49 

0.62 

0.58 

.... 

Mga, ■ 

18.8 

18,32 

18.64 

0.32 

0.52 

0.84 1 

0.79 

.... 

31.7 

28.55 

29.59 

1.04 

0.60 

1.64 

1.57 

.... 


37.1 

33.24 

34.38 

1.14 

0.60 

1.74 

1.66 

.... 


47.3 

41.14 

42.98 

1.84 

0.60 

2.44 

2.35 

0.24 
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TABLE 6—Conclttded 


N 

A 

B 

B 

c 

B-A+C 

S 

iKCSEASB nr 




■ 




fn.e. fitter 


Gel II—Concluded 



4.3 

5.83 

5.71 

- 0.12 

0.45 

0.33 

0 30 

0.18 


8.2 

9.77 

9.68 

- 0.09 

0.53 

0.44 

0.40 

.... 

CaClfi ' 

12.2 

13.59 

13.64 

0 . 0s 

0.58 

0.63 

0.57 


18.5 

19.41 

19.63 

0.22 

0.62 

0.84 

0.76 



23.5 

23.88 

24.17 

0.29 

0.63 

0.92 

0.87 



40.4 

38.52 

39.35 

0.83 

0.63 

1.46 

1.32 

0.24 


2.2 

6.30 

4.16 

- 2.14 

2.75 

0.61 

0.47 


AICI3 < 

16,5 

23.56 

20.19 

- 3.37 

6.11 

2.74 

2.18 

.... 

22.8 

29.73 

26.57 

- 3.16 

6.90 

3.74 

3.06 



34.6 

39.08 

37.99 

- 1.09 

8.16 

7.07 

5.70 



1.5 

5.98 

6.53 

0.55 



0.15 



2.7 

9.98 

11.08 

1.10 

.... 


0.29 



5.7 

20.25 

22.05 

1.80 



0.48 

.... 

HCl - 

8.2 

28.34 

31.10 

2.76 

.... 

.... 

0.74 

.... 


12.8 

43.91 

48.70 

4.79 

.... j 

.... 

1.28 



20.5 

69.18 

77.48 

8.30 

.... 

.... 

2.21 



24.7 

83.26 

93.62 

10.36 

.... 

.... 

2.76 

.... 


particular gel was plotted against initial concentration of added salt, straight 
line graphs resulted which, with the exception of the acids and cdurninum salts, 
were identical for all the salts employed. These results are shown in figure 9, 
in which the plotted points are all for gel III—the gel of least hydrion exchange 
but greatest sorptive capacity—^while corresponding sorptions for gel II are 
shown by the dotted lines. 

The results indicate equivalent sorption of Na, K, Mg and Ca. The 
coincidence of the graphs obtained for KCl, KNOa, and K2SO4 indicates absence 
of anion influence. The greater sorption of A1 and H by both soils and gels 
may be due to the greater acidity of the solutions. For the case of soils, where 
hydrion exchange was slight, there might possibly be an exchange with the 
aluminum of the soil-complex to as great an extent as that with hydrogen: 
the greater sorption of A1 would then be in accordance with the partition coeffi¬ 
cient distribution. 

Addition of an aqueous solution of KOH to suspensions of soils and of gels 
caused rapid fall in conductivity to equilibrium values, indicating neutraliza¬ 
tion reactions or else comparatively great sorption. Whether hydroxl ions are 
only neutralized at the surface of the soil particles or are definitely adsorbed 
as stated by Mattson (7) and others, is questionable. Recalling the results of 
electrodialysis of soils, the author found the anions estimated by titration with 
alk al i to be only about one-eighth of the total cations, no silicate ions being 
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detected in the anode chamber. Now, if hydroxlyion from the soil complex 
took part in conducting the current through the cells, it could not be detected 
as ^'adsorbed” hydroxyl ion since this ion is also liberated by the current in the 
cathode compartment. 

Colloidal silica is said to have a negative charge in solution; and it seems 
possible that OH“ ions and replacing Cl” ions are concentrated at the surface 
of the particles in accordance with some kind of membrane equilibrium which, 
however, is undisturbed by mechanical shaking. 



Fig. 9. Sorption for Gels I and n Plotted Against Initial Concentration of 

Added Salt 

The effect of previous heating on the gels was quite different from that on 
soils. Samples of gel which had lost all their ^'combined” water on ignition 
gave out 30 heat calories per gram on wetting with water; after drying they 
had exactly regained their original water content and gave identical sorption 
values. 

The analogy between soils and gels (2), however, must not be driven too far: 
comparison of temperature effects shows the soil complex to have a much more 
complicated structure. 


DISCUSSION OP THE RESULTS 

If the empirical equation of Freundlich holds, values of log fl/log (where 
a = amount sorbed per unit weight absorbent and c = equilibrium concentra- 




180 


ELIZABETH D. DE PAEAVICINI 


tion of solution) should give a straight line graph. For the sorptions here 
investigated and corrected for changes in acidity, this is the case. 

If sorption of electrolytes is to be compared with that of non-electrolytes it 
must, according to Gibbs’ condensation theory, correspond with the separate 
ionic effects on the interfacial tension and result from sorption of both ions indi¬ 
vidually. Adsorption of salts from solution has been studied chiefly with 
charcoals for which anion and cation are adsorbed to an equivalent extent, 
displacing ions of like sign in the order of their adsorbabUity which, for cations, 
is H > A1 > Ca, Mg > NH 4 > K and Na: acids and bases are adsorbed to a 
greater extent than their salts (11). Although sorption by charcoals is always 
equivalent, silicic acid and powdered iron oxide may adsorb anion and cation to 
a markedly different extent (9). Since accumulation of charge in the solution 
is impossible it is assumed on the exchange theory that the adsorbed ion is 
replaced by some other mobile ion liberated from the complex, and that 
unequivalent adsorption occurs only when a mobile ion is present in the sorbent. 

In the present experiments on silica gel suspensions, a considerable increase in 
acidity was found invariably to result from addition of neutral salts between 
the ranges 0.002-0.01 N indicating an exchange reaction of the type K‘ -f 
Cl~ + H 2 Si 03 —> H* -f Cl“ + K 2 Si 08 . But pH titrations showed this exchange 
to be greatest initially and to be very slight after a salt concentration of 0.01 N 
had been reached. Corresponding conductivity measurements showed an 
increased sorption of the added cation after all exchangeable hydrion had been 
replaced. 

For concentrations of chloride below 0.002 iV, a slight increase in alkalinity 
was sometimes observed: it appears, therefore, that very small proportions of 
metallic cations can cause an increase in the sorption of hydrion from solution. 
This explains the initial bend in the (B-A) curves which corresponds with that 
of the C curves, as shown in figure 8 . 

If the order of ^^sorbability” of the cations in silica gels is the same as that of 
their exchange with hydrogen, it is H > A1 > Mg and Ca > K > Na which is 
the familiar order of valency, hydrion excepted. On the other hand, work on 
both gels and electrodialyzed, or “hydrogen,” soils showed equivalent sorption 
of Na, K, Mg, and Ca, the word sorption meaning the total removal of cation 
both by exchange and by ab- or adsorption. The greater sorption of A1 and H 
might simply be due to the greater acidity of the solutions. 

The process involving removal of anions and cations from solution by soils 
and by silica gels is thus of a dual nature: the initial reaction is chiefly one of 
exchange but this is smaller in extent than the second process, which is prob¬ 
ably removal of the salt as a whole. 

smoiARY 

A study has been made of conductivity and pH measurements on aqueous 
suspensions of soils and silica gels, correlating the results with those obtained for 
samples which had been subjected to an initial heat-treatment. 
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Addition of neutral chloride solutions increases the acidity of soil and gel 
suspensions but effects a simultaneous decrease in conductivity. This shows 
soiption of ions in great excess to those taking part in “base exchange.’* 

In the sorption reactions studied, there is immediate attainment of equi¬ 
librium. 

Different cations are shown to displace hydrogen preferentially; but experi¬ 
ments on a “hydrogen” soil and on silica hydrogel show equivalent sorption of 
the cations Na, K, Mg, and Ca. 

For five typicBl soils, an optimum temperature, between the limits 110°- 
1S0°C., was found to give maximum values for the acidity and conductivity of 
resulting suspensions and also for subsequent sorption of cations. For silica 
hydrogels, however, the effects appear to be completely reversible. 
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The method of measuring the color of a soil by comparison with a rotating 
disc composed of segments of black, white, red, and yellow paper was devel¬ 
oped by Hutton and Rice of the Color Standards Committee of the American 
Soil Survey Association (1, 2). When this method is used the exposed por¬ 
tions of the four paper discs are altered until the blending of these when 
rapidly rotated gives a color comparable to that of the soil, which is held in 
a small dish or on a broad bladed spatula either over the rotating surface or 
closely beside it. Soils are granular, and even when they are carefully 
smoothed the diffusion of light reflected from the surface of the many parti¬ 
cles, together with the shadows in the recesses of the soil, gives color values 
that are very hard to match. 

A method of preparing and mounting the soil sample has been devised 
that permits of rotating the soil as the central part of the disc area thereby 
getting a mixed or composite light effect and color value that is very siTnilar 
to that of the rotating color disc and which permits a much easier matching 
of the colors. 

The soil is made into a suspension in about three times its volume of water, 
and is mixed until well dispersed. This miriTig can be done by rubbing with 
the fingers or a rubber pestle or by boiling and pestling to destroy the abro¬ 
gates. Usually it is well to let the soil stand for 12 to 24 hours after dis¬ 
persing. The soil “mud” is then painted onto white blotting paper, using a 
small brush, and making sure that the blotting paper is so well coated that 
it does not show through the soil. When the soil-coated paper is thoroughly 
dry a disc 2 or 2 J inches in diameter is cut out, a hole punched in the center, 
and this disc mounted on the face of the color disc and fastened down by the 
lock nut (plate 1, fig. 1). It is well to use a washer of mounted bbtting paper 
between the soil disc and the lock nut to prevent chipping and crack ing the 
soil surface. When rotated the soil disc develops a smooth color effect 
similar to that of the color discs and a good match in color values is readily 
obtained (plate 1, fig. 2), As the soil disc is mounted on the inner drde of 
the disc assembly, comparison of the color effects is easy. 

Nearly all soils will adhere to the blotting paper and bear considerable 
handling without the coating rubbing thin. Sandy soils are most dfficult in 
this respect, although some of the heaviest days have a tendency to crack 
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and the shadows in the cracks tend to give a darker shade. The color of 
the soil -obtained by this method is essentially that of a dried and crusted 
soil or the surface of a dried clod, and may not truly represent the color effect 
of the granulated or broken soil surface as seen in the field. It is a natural 
color effect, however, and can be compared with other soils in the same 
condition. It can be readily reproduced with consistent measurement 
results, and affords a means of definitely measuring and comparing the color 
effects of soils. 
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PLATE 1 

The Son. Colorimeter 

Fig. 1. Colorimeter at rest with soil disc mounted in place. Exposed segments show 
black 69}, whitel4}, yellow 13, red 3. 

Fig. 2. Cobrimeter rotating. Match of color values is not exact, the soil disc showing 
slightly darker. Final adjustment gave black 71, white 14, yellow 12, red 3. 
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In an earlier paper (10) the author gave a description of the method and 
apparatus used in liberating the exchangeable cations from soils by electro- 
dialysis. As the principle of electrodialysis has been adapted more and more 
into the field of soil investigations, a study of the factors which influence the 
ion exchange process is desirable. Of special interest is an investigation of the 
conditions affectmg the speed of the replacement of ions which tahes place in 
the soil suspension. 

The author believes that the various conditions influencing the amount of 
ions given off from soils by electrodialysis should be accurately controlled in 
order to get reproduceable results. Then the results would give more informa¬ 
tion about the problem studied, and the data presented of various investigators 
should be much more comparable. 

An important investigation as to the apparatus and technique of electrodialy¬ 
sis applied to the study of soils has just been reported by Od^n and Wijkstrbm 
(13). Of the data presented in this paper the most interesting in this connec¬ 
tion are those which deal with the influence of temperature on the speed of the 
liberation of ions. The authors have found that increases in temperature cause 
only a slight increase in the quantity of exchangeable cations liberated, whereas 
the weathering effect on the soil particles is greatly increased. The influence 
of the temperature differs for different soils and for the various cations; the 
numbers given show that the increases in cation liberation per degree Celcius 
var^" from 0.02 to 2.5 per cent for the replaceable cations and from 0.7 to 11,0 
per cent for the quantities of the liberated cations which are supposed to de¬ 
scend from weathering effect or breaking down of the soil particles. 

This paper deals with the study of the amounts of ions liberated and the 
speed of ion liberation from certain soils in relation to the concentration of the 
soil suspension used, to the distance between the electrodes, to the effect of 
increased voltages, and also to the influence of different membranes. These 
factors vary frequently in different experiments and it is believed that data 
which illustrate the influence of the mentioned factors will be of interest. 

^ The present investigation was made by the writer while at Cornell University and Ohio 
State University as a Fellow of the Rockefelier Foundation. 
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Comparison between the amounts of replaceable cations found by electrodialy¬ 
sis under various conditions and the amounts found by extraction with a neu¬ 
tral salt solution is also made. 

SOILS AND METHODS USED IN THE INVESTIGATION 

Six soils were used in the investigation; three of these belong to the Volusia 
silt loam type and three to the Ontario loam type. The chemical composition 
of these soils has been determined by Bizzell (3), and his analytical data are 
given in table 1. 

The numbers in table 1 refer to the total amounts of the elements studied 
calculated in percentage of dry soil. The samples were collected to a depth of 
8 inches, had passed through a sieve containing circular perforations 1 mm. 
in diameter, and then were pulverized in an agate mortar to a very fine powder 
(100 meshes to 1 linear inch) before the analytical procedure took place. 


TABLE 1 

Chemical analysis of the soils used in the investigation 
(After Bizzell) 


ZABOKATOSY 

nuubek 

son. TYPES 

1 

COMSnXUEMTS IN SOIL, DRY BASIS 

Nitrogen 

Phos- 

phonis 

Sulfnr 

Potassium 

Caldum 

Magne¬ 

sium 



per cem 

per cent 

per cent 

per cent 

percent 

per cent 

7A 

Volusia silt loam i 

0.194 

0.076 

0.064 

1.66 

0.18 

0.22 

49A 

Volusia silt loam ' 

0.134 

0.046 

0.063 

1.81 

0.49 

0.52 

50A 

Volusia sBt loam 

0.205 

0.078 

0.071 

2.17 

0.41 

0.64 

14A 

Ontario loam 

0.143 

0.048 

0.063 

2.44 

1.08 

0.8S 

48A 

Ontario loam ■ 

0.125 

0.052 

0.037 

1.64 

0.56 

O.Sl 

79A 

Ontario loam 

0.404 

0.119 

0.057 

1.98 

0.84 

0.73 


The mechanical composition of the mineral fraction in the samples was de¬ 
termined by the method of Atterberg (1) and the results are recorded in table 
2. The table also gives the content of organic material as determined by the 
hydrogen peroxide method (14), the water content in air-dry soils, and the pH 
values determined by the quinhydrone electrode. 

The samples used in the author’s experiments were passed through a sieve 
with openings 1 mm. in diameter and the data given in table 2 and following 
tables have been calculated on dry-weight basis. 

The experiments with Volusia silt loam were made with Bradfidd’s (6) modi¬ 
fication of the three-compartment electrodialysis cell and the experiments with 
Ontario loam were, with one exception, made with the ceU devised by the 
author (10). The conditions under which the different experiments were per¬ 
formed have been varied more or less as to the problem to be studied. Such 
changes will be noted separately m coimection with the description of the ex¬ 
periments, In this connection it should be mentioned that all experiments were 
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supplied with effective stirring of the soil suspension, and that the temperature, 
unless it is especially mentioned, was controlled and held constant at 23-25®C. 
without incorporation of resistance in the electrical circuit. By such an ar¬ 
rangement the voltage between the electrodes is kept constant during the time 
of experimentation. Concerning the temperature control it should be stated 
that in the experiment with the Volusia silt loam soils no cooling system was 
required in order to hold the aforementioned temperature limits because these 
soils are poor in replaceable cations. In the experiments where the Ontario 
loam soils were used, however, the temperature in the middle chamber, with¬ 
out a cooling system applied, arose witldn a short time to about 40-S0®C. By 
a cooling arrangement as described by the author (10) the temperature was 
easily held within the desired range by ordinary tap water. 

In plate 1, fig. 1, is shown the author’s electrodialysis apparatus.® Several 


TABLE 2 

Mechanical analysis, organic material, water content, and pH values of ike soils used 

in the investigation 


SOILNUMSSS 

son. rsAcnoN <1.0 loc. (dry basis) 

WATBB 

C02RSNT 

1 

pH 

Mineral material 

Organic 

material 

1.0-0.2 

TTITTI, 

0.2-0.02 

mm 

0.02-0.002 

mm 

<0.002 mm. 


per cmi 

percent 

per cent 

per cent 




7A 

14.08 

47.22 

19.19 

16.61 

2.90 

1.46 

5.35 

49A 

16.26 

55.40 

16.35 

9.67 

2.32 

1,43 

5.60 

50A 

6.88 

48.80 

24.25 

16.47 

3.60 

2.10 

5.25 

14A 

14.68 

37.80 

28.75 

16.20 

2.57 

1.87 

7.50 

48A 

16.75 

46.03 

27.35 

7.62 

2.25 

1.27 

6.25 

79A 

9.59 

50.43 

25.10 

6.88 j 

8.00 

2.83 

7.40 


kinds of stirring arrangements and stirring motors have been tried. A 
stirring motor which especially can be recommended is the t 3 q)e recorded 
as C. L. 2 from Bodine Electric Co., Chicago. Ammeter, voltmeter, and a 
knife switch have been incorporated in the electrical circuit. 

The experiments have been performed as fractional electrodialysis. The 
procedure of such experiments is briefly: The dialysates in the end chambers 
are removed at certain intervals and the chambers are refilled with distilled 
water, while the fractions obtained can be used for determination of the ions 
liberated. At the same time as the end chambers are drained a small portion 
of the soil suspension can be removed from the middle chamber for various 
measurements. After the desired measurements of the soil portions are taken, 
they must be dried and weighed in order that the amount of soil remaining in 
the middle chamber can be calculated. 

In most of the experiments which are reported here the length of the inter- 


* The apparatus can be supplied by the Caitial Scientific Company of Chicago. 











190 


AASTJLV LODDESOL 


vals between each changing of the dialyzates have been 12 hours. A more 
frequent changing of the dialyzates would, according to Oden and Wijkstrom 
(13) facilitate the exchange process. The purpose of these experiments, how¬ 
ever, has not been to remove the exchangeable cations as soon as possible in 
these particular cases, but to study the conditions which influence the speed of 
the reactions which take place. 

The fractions from the end chambers were poured into 200-cc. volumetric 
flasks, filled to volume, and portions of 50 cc. were used for determinations of 
the total amounts of cations and anions liberated in the different intervals. 
The determinations were made by titration against HCl and NaOH, using 
methyl red and phenolphthalein as indicators respectively. The normality 
of the reagents used has been 0.1 N and 0.01 N. 

Besides the determination of the amounts of electrodialyzable cations liber¬ 
ated under various conditions, an investigation concerning the amounts of 
replaceable cations determined by help of extraction with ammonium acetate 
was made. By reason of its neutral character and its significant buffer capac¬ 
ity around the neutral point, this salt should be very favorable for use in base 
exchange work because the solubility effect on the soil particles should be very 
small. Also for other reasons this salt has advantages, one of the most im¬ 
portant for the foUowmg analytical procedure of the extracts might be the 
ease by which the ammonium salt can be expelled [see SchoUenberger (15) and 
Schollenberger and Dreibelbis (16)]. 

The method of mechanical dispersion and extraction used has, with some 
modifications, been that described by Bouyoucos (4) and Baver (2). Twenty- 
five grams of fine soil (< 1.0 mm.) is placed in a 250-cc. beaker, then 100 cc. 
of normal NH 4 QH 8 O 2 solution is added and the suspension is stirred for 10 
minutes by a motor driven stirrer (plate 1 , fig. 2 a). The sample is then poured 
over into a Buchner funnel and, accordmg to Baver, leached with a new 100-cc. 
portion of the ammonium acetate solution. Suction is applied ia order to 
facilitate the leaching process. 

In order to get a uniform amount of filtrate from all soils the author has 
changed the leaching procedure of the method, and instead of washing the 
sample in the funnel with a new portion of 100 cc. acetate solution the filtration 
is continued till 200 cc. of filtrate is obtained. For this purpose a combined 
suction-volumetric flask, which is shown in plate 1 , fig. 2 b, has been made. 
Filtration by help of this type of flask has proved to go very rapidly in rela¬ 
tion to that with the Witt's filter apparatus or with the filter flask of Erlen- 
meyer form. 

The solubility effect on the soil particles due to leaching with ammonitun 
acetate solution has been studied by continued washing of the original samples 
until, in all, four fractions of 200 cc. each were obtained from each of the six 
soils investigated. The content of water-soluble salts in the soils was also 
determined. In this case the samples were treated in the same way as with 
the ammonium acetate method, but instead of salt solution distilled water 
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was used as the solution agent. The amounts of exchangeable cations and 
water-soluble salts in the soils were, after evaporation of the filtrate with con¬ 
centrated HCl and expelling of the ammonium salt, determined as total chlo¬ 
rides first by weight and then by titration of the chloride ions with 0.1 or 0.01 xV 
AgNOs solution using potassium chromate as indicator. As a control, aliquots 
of the filtrates have been electrodialyzed and the amounts of cations liberated 
by the leaching process were determined by titration of the cathode water by 
0.1 N HCl solution using methyl red as indicator. 

INFLUENCE OF VARIOUS FACTORS ON THE RATE AND AMOUNT OF ION LIBERATION 

FROM SOILS 

Dij^erence in the concentration of the soil stispension 

In fractional electrodialysis experiments the concentration of the soil suspen¬ 
sion decreases from fraction to fraction. Thus it will be miderstood that it is 
necessary to start with a large soil sample in order to get sufficient amounts of 
ions for the analytical procedure in the last fractions. The results obtained for 
each of the various fractions and for the whole experiment will then be more 
significant. 

The extent to which difference in concentration of the soil suspension affects 
the rate of replacement of ions has received but little attention. The subject 
should preferably be studied imder conditions where the concentration remains 
constant during the experiment, and the problem investigated by using differ¬ 
ent sized samples suspended in a given volxime of water. In tables 3 and 4 
are presented a series of results dealing with the aforementioned problem. 

These tables contain results of experiments with soils 49A and 50A, and in¬ 
volve a comparison of 25-gm. and 50-gm. suspended in a bulb of 110 cc. volume. 
The distance between the electrodes was 6 cm., the voltage 110, and parchment 
was used as membranes. 

Columns 3 and 7 in the tables show the amounts of cations, calculated m 
milliequivalents (M.e.) per 100 grains of soil, liberated from 25-gm. and 50-gm. 
samples, respectively. It is seen that in the first fraction a greater amount of 
cations is given off per unit weight of soils in the case of 25-gm. samples th a n in 
the 50 gm. samples. In the following fractions, the opposite is the case be¬ 
cause more cations are left per unit weight in the 50-gm. sample. In the end, 
however, the total amounts of cations liberated are about the same in the two 
experiments. 

The amount of cations given off per hour is given in columns 4 and 8. As we 
see, the amounts drop down to a minimum below 0.010 M.e. in the latter frac¬ 
tions. In the experiment with soil 49A this low value is reached after 36 hours 
when a 25-gm. sample was used but 60 hours was required to reach this same 
value in the experiment with 50 gm. In the experiment with soil SOA, a similar 
tendency is seen; the low end value, however, is readied after longer periods 
of time, presumably because this soil is somewhat richer in exchangeable 
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cations, and may also have a stronger adsorbing capacity due to a greater 
content of colloids and organic matter (table 2). 


TABLE 3 

Catiojis and anions removed from soU suspensions of varying concentration in various periods of 

time—soil 49A 




SEFES1ME2TX WITH 25-GM. SA2CPIE 

EXPSmiENT WITH 50-GM. SAimS 

PBACnONS 

DIAIY- 

ZAIBS 

CSANOED 

M.e. cations per 
100 gm. of soil 

M e. anions per 

100 gm. of soil 

M.e. cations per 
100 gm. of soil 

M.e. anions per 

100 gm. of soil 


ATTEK 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

1* 

2 

3 

4 

5 

6 

7 

8 

9 

10 


hours 









a 

12 

2.474 

0.206 


0.030 

1.689 

0.141 

0.342 

0.029 

b 

24 

0.444 

0.037 



0.875 

0.073 

0.165 

0.014 

c 

36 

0.206 

0.017 


0.012 

0.347 


0.159 

0.013 

d 

48 

0.085 

0.007 



0.198 




e 

60 

0.069 

0.006 



0.161 

0.013 

0.104 


f 

12 

0.057 

0,005 

0.083 


0.090 


0.104 


g 

84 

0.057 

0.005 

0.093 



M 

0.097 

0.008 

h 

100 

0.073 i 

0.005 

0.118 

iKiiiy 

mm 

IB 

0.099 

0.006 

i 

125 



... . 


0.148 

H 

0.163 

0.007 

Total . 

3.465 


1.219 


3.693 


1.333 



* Column no . 


TABLE 4 

Canons and anions remaoed from soil suspensions of varying conceniraiion in various periods of 

time—soil SO A 




SXFEinCENT WITH 25-G3L SAMPLE 

EXPEXIMBNT WITH 50-OlC SAMPLE 

7XACIIOM5 

DULY- 

zaiES 

CHANGED 

— 

M.e. cations per 
100 gm. of soil 

M.e. anions per 
100 gm. of soil 

M.e. cations per 
100 gm. of soil 

M.e. anions per 

100 gm. of ^ 


AETEE 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


hours 









a 

12 

2.926 

0.244 

0.730 

0.061 

2.239 

0.187 

0.609 

ESgi 

b 

24 

0.707 

0.059 

0.243 

0.020 

0.980 

0.082 

0.176 


c 

36 

0.324 

0.027 

0.114 

0.010 

0.483 

0.040 

0.091 


d 

48 

0.247 

0.021 

0.108 

0.009 

0.265 

0.022 

0.073 


e 

60 

0.133 

0.011 

0.099 

0.008 

0.219 

0.018 

0.065 

0.005 

f 

72 

0.124 

0.010 

0.091 

0.008 

0.112 

0.009 

0.062 

0.005 

g 

84 

0.101 

0.008 

0.085 

0.007 


0.007 

0.057 

0.005 

h 

100 

0.088 

0.006 

0.104 

0.007 

0.083 

0.005 

0.081 

0.005 

i 

125 





0.122 

0.005 

0.125 

0.005 

i 

150 




MM 

0.112 

0.005 

0.122 

0.005 

Total .*.. 

4.650 


1.574 

ijjjl 

4.701 


1.461 



miMi 
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Concerning the liberation of anions it will be seen in the tables that the 
amounts given off are much less than the amounts of cations, and also that 
the size of the samples has but little effect on the quantities found in the differ¬ 
ent fractions. 

Experiments with soil 79A comparing SO-gm and 100-gm. of soil suspended 
in a bulb of 550 cc. volume were also performed. For the sake of brevity the 
data are not given, but it should be mentioned that the results were fiimilar to 
those already described. 

The advantage of using small soil samples is clearly indicated from the ex¬ 
periments. On the other hand the size of the samples should not be reduced 
too much, because of heterogeneity of the soil, which might cause an increase 
in the anal3rtical error. For ordinary analytical purposes 25 gm. of mineral 
soil and 10 gm. of muck soil should be recommended. 

Diference in the distance lePmeen the electrodes 

Three series of experiments are performed in order to illustrate the influence, 
of differences in the distance between the electrodes on the rate of ion libera¬ 
tion. These experiments, however, are comparable only to a certain extent 
because an increase in the distance between the electrodes results in an increase 
of the volume of the bulb in which the soil sample is to be suspended. In other 
words two of the experimental conditions are changed at the same time, and 
these might have more or less opposite effects. It was assumed, however, 
that an increase in the electrode distance followed by increasing resistance in 
the apparatus would dominate over the decrease in resistance which may oc¬ 
cur as a consequence of the dilution of the soil suspension. 

The experimental conditions were the following: Samples of 50 gm. of soil 
79A were suspended into bulbs of 110 cc., 450 cc., and 550 cc. volume; the cor¬ 
responding electrode distances were 6 cm., 9 cm., and 12 cm., respectively. 
The voltage in all experiments was 110, consequently the differences in poten¬ 
tial between the electrodes expressed in volts per cm. were 18.3 volt/cm., 12.2 
volt/cm., and 9.2 volt/cm. in the different cases. The membranes consisted 
of parchment at the cathode and cellophane at the anode. It should be stated 
that the temperature regulation was not entirely effective during the first 
interval in the experiment with 6 cm. electrode distance (for a short time it 
arose to about 50°C.), and the corresponding fractions of anode and cathode 
water (the a-fractions) mi^t show too large amounts of ions because a rise in 
temperature facilitates the liberation of ions [Od6n and WijkstrSm, (13)]. 
However, in the remainder of the experiments, and in the experiments with 9 
cm. and 12 cm. electrode distance the temperature was held within the re¬ 
quired limits of 23-2S®C. 

The results concerning the replacement of cations are recorded in table 5. 
Columns 3, 6, and 9 give the total amounts in the different fractions, and col¬ 
umns 4, 7, and 10, the average amounts per hour per fraction. In addition, 
the amounts of cations liberated per volt/cm. are given in columns 5,8, and 11. 
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In table 6 the corresponding data concerning the liberation of anions are pre¬ 
sented. 

As seen from the tables, increases in the electrode distance from 6 cm. to 9 
cm., and from 9 cm. to 12 cm. are followed by significant decreases in the 
amounts of ions removed from the soil. These decreases are especially visible 


TABLE 5 

Influence of differences in the distance between the electrodes on the replacement of cations 




BLBCISODE DISTANCE 6 CNL 

ELECISODS DISTANCE 9 CIC. 

ELBCTSODS DISTANCE 12 OS. 

r2ACT10NS 

M.e. per 100 gm. of soil 

M.e. per 100 gm. of soil 

M.e. per 100 gm. 

of soil 


A7TES 

Per 

fraction 

Per 

hour 

Per 

volt/cm. 

Per 

fraction 

Per 

hour 


H| 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


hours 










a 

12 

6.720 

0.560 

0.367 

3.680 



2.480 

0.207 

0.270 

b 

24 

2.720 

0.227 

0.149 

2.560 

mmm 


1.860 

0.155 

0.202 

c 

36 

1.836 

0.153 

0.100 

1.786 

0.137 

0.146 


0.133 

0.174 

d 

48 

1.469 

0.122 

0.080 

1.380 


0.113 

1.240 

0.103 

0.135 

e 

60 

1.195 

mmm 

■atma 

1.360 

RRk 

0.111 


0.083 

0.109 

£ 

72 

1.236 



1.153 

iQg 





Total.. 


15.176 



11.919 



9.020 











TABLE 6 


Influence of differences in the distance between the electrodes on the replacement of anions 


ESACnONS 

DIAIY- 

ZATES 

CHANGED 

AETER 

ELECTRODE DISTANCE 6 CIC. 

EIECTRODE DISTANCE 9 CSL 

ELECTRODE DISTANCE 12 Of. 

M.e. per 100 gm. of soil 

M.e. per 100 gm. of soil 

M.e. per 100 gm. of soil 

Per 

fraction 

Per 

hour 

Per 

volt/cm. 

Per 

fraction 

Per 

hour 

Per 

volt/cm. 

Per 

fraction 

Per 

hour 

Per 

volt/cm. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 


hours 










a 

12 

1.291 


0.071 

0.587 


0.048 

0.470 

0.039 


b 

24 

0.234 

0.020 

■iMjm 

0.391 


0.032 

0.352 

0.029 

0.038 

c 

36 

WHlIl 

0.010 


0.199 

0.015 

0.016 

0.274 

0.023 


d 

48 




0.162 

Miviu; 

0.013 

0.152 

0.013 

0.017 

e 

60 

0.078 



0.148 


0.012 



0.013 

f 

72 

0.078 



0.144 


0.012 

0.112 

EB 

0.012 

Total. 

1.883 



1.631 



1.580 




in the first fractions. It will be understood that a comparison can be made 
with accuracy only between the first fractions, because the amounts of ions 
remaining in the soil suspension at the beginning of the later intervals have 
changed according to the different amounts removed during the first period. 
Therefore the later fractions are more or less incomparable, and only when this 
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circuinstaiice is taken into account can these results give the correct 
information. 

Difere^ice in voltage 

The requirement for a great potential difference between the electrodes can 
also be met by increasing the voltage, by which means the current arises. In 
laboratories where only 110 volt alternating current is available, direct current 
can be easily produced and a higher voltage obtained by use of a suitable motor 
generator set. In the experiments performed by the author a motor generator 
set furnished with a field rheostat was used for delivering direct current; by use 
of the rheostat the voltage could be regulated within the range of 80-250 
volts. In aU experiments the desired voltage was kept constant during the 
time of experimentation. 

Three series of experiments were conducted in order to show the influence of 
an increased voltage on ion removal. Onl}^ two of these, namely, those with 
soils 14A and 79A, will be reported in detail. 

Soil samples of 50 gm. vrere suspended in a bulb of 450 cc. capacity; the elec¬ 
trode distance was 9 cm. The voltages compared were 125 and 250 with the 
first mentioned soil, and 110 and 220 with the second soil. These give com¬ 
parisons between potential differences of 13.9 volt/cm. and 27.8 volt/cm., 
and between 12.2 volt/cm. and 24.4 volt/cm., respective!}". 

The analytical data are given in tables 7 and 8. By comparing columns 3 
and 7 (table 7) and 3 and 8 (table 8) it is seen that the replacement of cations 
is much faster with the higher voltage than it is with the lower one. As the 
voltage is increased from 125 to 250 volts, or from 110 to 220 volts without 
changing the electrode distance the potential difference is doubled, and it 
should seem reasonable that the amounts of cations removed from the soils 
would rise proportionately. The relation, however, is equal to about 1:1| 
and not equal to 1:2, presumably because of the gradual increase in the re¬ 
sistance as the cations are removed from the suspension, an increase which 
will be more pronounced in the cases where the higher voltages are used, be¬ 
cause the removal of ions has taten place to a greater extent. For a shorter 
interval the ratio might have been different. 

The numbers given refer to the first fractions, which are entirely comparable. 
By calculating the amounts of cations liberated per volt/cm. for the a-fractions, 
the following relationships are found: 

SoU14A: 

Potential difference 13.9 volt/cm, gave 0.437 M.e. per volt/cm.1 fjg 

Potential difference 27.8 volt/cm. gave 0.344 M.e, per volt/cm.J 
Soil79A: 

Potential difference 12.2 volt/cm. gave 0.301 M.e. per volt/cm.! yg 

Potential difference 24.4 volt/cm. gave 0.230 M.e. per volt/cm./ 

In the rate of anion liberation from the two soils the differences due to in¬ 
creasing voltage are less, which also must be expected since the total amounts 
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of anions removed from the soils are small compared with the amounts of 
cations. 

The higher rate of ionic exchange as a result of increased voltage was also 
observed in the third series of experiments (with soil 48A), for which the data 
are not presented. 

In connection with the results concerning the liberation of cations it ought 
to be mentioned that investigation made by Wilson (17) also shows an in¬ 
creasing effect on the rate of replacement by using high voltage in electro¬ 
dialysis of soils. 

It is of interest to note the tendency to a rise in the exchange of cations 
which takes place after some duration of dialysis of soil 79A, which is 


TABLE 7 

InHuence of difference in voltage on the rate of removal of ions—soil 14A 




EXFEEIMENT WITH 125 VOLTS 

EXPEEIUENT WITH 250 VOLTS 

rSACTXONS 

DIALY- 

ZATBS 

CHANGED 

M.e cations per 
100 gm. of soil 

M e. anions per 

100 gm. of soil 

M.e. cations per 

100 gm. of soil 

M.e. anions per 

100 gm. of soil 


ATTEE 

Per 

fraction 

.Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

Per 

fraction 

Average 
per hour 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


hours 









a 

12 

6.080 

0.507 

0.720 


9.560 

0.797 


0.064 

b 

24 

5.192 

0.433 

0.210 


6.668 

0.556 



c 

36 

3.167 

0.264 

0.183 


2.245 

0.187 



d 

48 

1.836 

0.153 

0.139 


1.188 

0.099 


■SR IS 

e 

60 


0.065 

0.115 


0.840 


0.146 

0.012 

f 

72 


0.056 

0.141 


0.710 

0.059 

0.147 

0.012 

g 

84 1 

0.636 

0.053 

0.102 


0.538 

0.045 

0.143 

0.012 

h 

96 

0.639 

0 053 

0.094 



0.038 

0.140 

0.012 

i 

108 


0 043 

0.086 


0,454 

0.038 

0.136 

0.011 

i 

120 

0.436 

0.036 



0.456 


0.132 

0.011 

TotaL. 

19.947 


1.864 


23.109 


2.271 








shown in table 8. This phenomenon has been observed previously [Od6n 
and L6ddes5l (12)], and is supposed to be a consequence of the increase in 
acidity in the soil suspension during the experiments, followed by a solubility 
effect on the soil particles. In the experiment where 110 volts is used this 
rise in cation exchange starts after 108 hours* dialysis, or when about 15 M.e. 
of bases and about 2 M.e. of acids per 100 gm. of soil are removed from the 
sample. In the experiment with 220 volts the rise in exchange velocity starts 
after 96 hours* dialysis or when nearly 20 M.e. of bases and 2.6 M.e. of acids 
are removed. The pH values of the suspension which were determined at the 
end of each second interval, however, are in both cases about 5.0 when the 
rising tendency is observed. As will be understood, the change in pH value 
of the suspension is not only affected by the amounts of cations liberated from 
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the soil, but also the amounts of anions removed must be taken into considera¬ 
tion. The final pH value for this soil seems to be about 3.90, which was 
reached in the experiment where 220 volts was applied. 

According to Mattson (10a) the appearance of the cations in the cathode 
chamber is to a large extent affected by the hydrogen-ion concentration in the 
soil suspension as a result of which weak hydroxides, which at the beginning 
of the experiment were precipitated on the cathode membrane, are brought 


TABLE 8 

Influence of difference in voltage on the rale ofrenmal of ions—soil 79A 



* Undialyzed soiL 


into solution. At a certain degree of acidity in the middle compartment the 
respective cations become mobile and penetrate to the cathode chamber. This 
statement of Mattson’s seems very reasonable in view of the fact that a slight 
precipitate of iron and aluminum hydroxides has been observed on the cathode 
membrane in some of the experiments conducted by the author. 

Diferent membranes 

The general advice for use of membranes in electrodialysis experiment is that 
negative membranes shall be used at the cathode and positive membranes at 
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the anode. The main reason for such an arrangement is that the penetration 
of ions is facilitated when the membranes have an electrical charge opposite to 
that of the ions which are transported to the respective electrodes. In other 
words, negatively charged membranes are more permeable for cations than they 
are for anions, and if we deal with positively charged membranes the permea¬ 
bility for anions is greater than for cations. 

The influence of different membranes on the rate of migration of different 
ions by electrodialysis has been studied by Bradfield (6, 7) using solutions of 
different sodium salts as a medium. He found, by placing a negatively charged 
membrane (parchment) at the cathode and a positively charged membrane 
(hemoglobin-collodion) at the anode, that the movement of cations and anions 
from the midcile compartment to the respective electrode chambers took plac:e 
in about equivalent amounts, and that the reaction of the solution in the central 
compartment changed to only a small extent. By usmg negatively charged 
membranes on both sides, however, he found that the movement of cations 
was much greater than that of the anions, followed by an increase in the hy¬ 
drogen-ion concentration in the middle chamber. By adding a suspension of 
electrodialyzed colloidal clay to different solutions of dialyzable salts, Bradfield 
found that the behavior of the anode membrane changed as the rate of the 
removal of anions was retarded, because a layer of negatively charged clay 
colloids was formed on the inside of the membrane. 

By continued electrodialysis of a soil suspension a gradual change in reaction 
in the acid direction takes place as a result of the replacement of the adsorbed 
base cations by hydrogen ions. In the previous tables it is seen that the 
amounts of anions liberated from the soils are much less than the amounts of 
cations. This is only what we could expect since most of the cations liberated 
have been associated with the acidoid soil complexes which remain in the 
middle compartment because the membranes are impermeable to colloids. 

The extent to which the kind of membranes affects the rate of liberation of 
ions from a soil suspension has been but little investigated. Od6n and Wijk- 
strom (13) recommend parchment, which is negatively charged, as cathode 
membrane; and cellophane, which the authors state is positively charged, as 
anode membrane. Then the electroendosmosis which takes place in the system 
will support the movement of ions and the process will be facilitated. 

In a series of experiments conducted by the author parchment has been used 
both as cathode membrane and anode membrane in comparison with parch¬ 
ment used as cathode membrane and cellophane as anode membrane. The 
influence of changing the anode membrane on the speed of anion and cation 
liberation in relation to the change in the hydrogen-ion concentration in the 
soil suspension was then investigated. 

The results of experiments with soil 7A are given in table 9. Soil samples of 
so gm. were used and dialyzed in Bradfield’s three-compartment cell for 150 
hours with a voltage of 110. By comparison of the first fractions in the table 
it will be seen that the liberation of anions takes place to a greater extent when 
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the anode membrane consists of cellophane instead of parchment (columns 5 
and 10), but at the same time the amount of cations is less (columns 3 and 8). 
The results indicate that cellophane is more permeable to anions than parch¬ 
ment and this behavior might be explained as a result of the different charge 
of the two kinds of membrane. The explanation for the greater quantity of 
cations liberated in the case where parchment is used as anode membrane 
must be that an accumulation of anions in the middle chamber, followed by a 
formation of acids, has caused an increased solubility effect on the soil particles. 
The pH dete r mi n ations made in the soil suspension from interval to interval 


TABLE 9 

Influence of difereiii niemhranes on the rate of removed of iom—soil 7A 


PASCHMENT BOTH AS CATHODE 3£EMBRA2{E PARCHMENT AS CATHODE HEUBEANE AND 

AND ANODE MEMBRANE CELLOPHANE AS ANODE HEMBBANE 

FSAC- ^s^ES cations per M,e. anions per M.e. cations per M.e. anions per 1 „ 

HONS CHANGED ^^0 gm. of SOil of 


Per Aver- Per Aver- 
frac- age per frac- age per 


Per Aver- Per Aver- 
frac- age per frac- age per siSo 




1.454 

0.121 

0.365 

0.030 

5.05 

1.414 

0.118 

0.446 

0.037 

5.20 

0.341 

0.028 

0.132 

0.011 

4.70 

0.322 

0.027 

0.166 

0.014 

5.00 

0.269 

0.022 

0.106 

0.009 

4.32 

0.251 

0.021 

0.099 

0.008 

4.90 

0.144 

0.012 

0.104 

0.009 

4.30 

0.177 

0.015 

0.088 

0.007 

4.72 

0.144 

0.012 

0.098 

0.008 

4.28 

0.097 

0.008 

0.073 

0.006 

4.58 

0.051 

0.004 

0.093 

0.008 

4.22 

0.089 

0.007 

0.064 

0.005 

4.36 

0.054 

0.005 

0.089 

0.007 

4.20 

0.071 

0.006 

0.059 

0.005 

4.32 

0.044 

0.003 

0.098 

0.006 

4.20 

0.053 

0.003 

0.072 

0.005 

4.23 

0.068 

0.003 

0.113 

0.005 

4.20 

0.093 

0.004 

, 0.108 

0.004 

4.25 

0.065 

0.003 

0.104 

0.004 

4.18 

0.074 

0.003 

0.100 

0.004 

4.23 


* Undialyzed soil. 


(columns 7 and 12) seem also to indicate that anions must have been accumu¬ 
lated in the middle chamber to a certain extent during the first intervals when 
parchment was used as anode membrane, because the lower pH values found 
can hardly be due only to the slight amounts of cations which are removed. 
The end pH values as well as the total amounts of ions liberated were in both 
experiments about the same. 

Experiments with soil SOA gave similar results as those stated for soil 7A. 
The use of cellophane as anode membrane had facilitated the dialysis of anions 
during the first interval but at the same tim e the amounts of cations were less 
than when parchment was used. 

The total amounts of exchangeable cations in the soils 7A and SOA are very 
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low. In order to see the effect of cellophane compared with parchment as 
anode membrane also on alkaline soil rich in exchangeable cations experiments 
with soil 79A were performed. The conditions under which the experiments 
were carried out were the following: Samples of 100 gm. of soil were suspended 
in a bulb of 550 cc. volume, the electrode distance was 12 cm, and the voltage 

no. 

According to table 2, soil 79A is rather high in organic matter, which adsorbs 
and holds cations very strongly (12). It was assumed that the exchange veloc- 

TABLE 10 

Influence of different membranes on the rate of removal of ions—soil 79A 



ity of ions from such a soil would be slow, and the conditions under which the 
experiments were set up, particularly the large samples and the long electrode 
distance in relation to the voltage, would assure a very slow rate of replacement. 
That was also especially desired in this case where the relation between the ion 
liberation and the change in reaction of the soil suspension should be studied. 

The results are given in table 10. For this soil, also, the amounts of anions 
removed during the first intervals are greater in the case where cellophane is 
used as anode membrane (columns 5 and 10) than where parchment is used. 
Regarding the liberation of cations it is of interest to note that in the case of the 
most alkaline reaction the larger amount is found in the experiment with cello- 
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phane as anode membrane, but as soon as the reaction changes to about neu¬ 
tral or becomes acid a tendency in the opposite direction is observed (columns 
3 and 8). The changes in the pH values are seen to be closely related to the 
amounts of ions removed from the suspensions (columns 7 and 12). The 
experiments have not been run long enough to reach the point of increased 
acidity where an increased replacement of cations take place (table 8). The 
somewhat greater quantities of ions found in the last fractions (the m-frac- 
tions) in relation to previous fractions are evidently a result of changing the 
dialyzates after a shorter period of time than usual (column 2). 


TABLE 11 

Injluence of different membranes on tlie rate of removal of ions—soil 48A 


CEXLOPHANE BOTH AS CATHODE MEMBHAKE CELLOPHANE AS CATHODE MEUBH4NE AND 
AND ANODE MEUB2ANE PAHCHUENT AS ANODE liEMBEANE 


PBAC- 

TIONS 

DIALY- 

ZAXES 

CHANGED 

ATTE2 

M.e. cations per 
100 gm. of soil 

M.e. anions per 
100 gm. of soil 

ofS. 

soil 

suspen¬ 

sion 



ofSe 

soil 

suspen¬ 

sion 

Per 

frac¬ 

tion 

Aver¬ 
age per 
nour 

Per 

frac¬ 

tion 

Aver¬ 
age per 
hour 

Per 

frac¬ 

tion 

Aver¬ 
age per 
hour 

Per 

frac¬ 

tion 

Aver¬ 
age per 
hour 

1 


3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


hours 











48A* 






6.25 

. 




6.2S 

a 

12 

1.880 

0.157 

0.368 

0.031 

6.05 


0.133 


0.033 


b 

24 

1.339 

0.112 


0.022 

5.85 

1.394 

0.116 

0.213 


5.80 

c 

36 

0.820 

0.068 

0.131 

0.011 

5.30 

0.888 

0.074 



5.28 

d 

48 

0.724 

■lUtKil 

0.091 


5.00 

0.760 


Qr $ 

0.019 

4.90 

e 

60 

0.886 

0.074 

0.059 


4.65 

0.681 

0.057 

Qr S 

0.017 

4.60 

f 

72 

0.946 

0.079 

0.077 


4.30 


0.050 


K 

4.25 

g 

84 

0.796 

0.066 

0.106 


4.25 

0.S69 

0.047 

Hr 0 


4.22 

h 

96 

0,675 

0.056 

■meet] 


4.20 

0.580 

0.048 



4.20 

i 

108 

0.545 

0.045 

0.145 

0.012 

4.18 

0.675 

0.056 


HRf 


J 

120 

0.508 


0.129 

0.011 

4.20 

0.733 

0.061 

0.183 

0.015 

4.15 

Total. 

9.119 


1.506 



8.485 



. 



* Uiidial3^ed soil. 


Two series of experiments were also performed where cellophane was used 
both as cathode and anode membranes compared with cellophane as cathode 
membrane and parchment as anode membrane. Samples of SO gm. of soil 
48A and 14A were dialyzed in the author’s apparatus with a voltage of 250 
for 120 hours. The experiments with the two soils gave similar results, there¬ 
fore detailed data will be reported only for soil 48A, 

Table 11 gives the experimental data. There seems to be but little difiFerence 
in the amounts of ions liberated whichever of these two arrangements is used, 
but it ought to be mentioned that the removal of ions from the soil in both cases 
is very slow. This can be seen by the data in columns 4 and 6 and in columns 
9 and 11, which give the average amounts of ions liberated per hour in the vari- 
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ous intervals. The numbers given in the columns mentioned show that the 
quantities of ions which are liberated from one interval to the other decrease 
very slowly. The reason for this must undoubtedly be the incorrect placing 
of the membranes. 

Columns 7 and 12, which give the pH values at the end of each interval, show 
a very good accordance in the change of the reaction of the soil suspension in 
the two experiments. The final pH value for this soil seems to be about 4.20. 
These values were obtained with small samples taken out of the middle chamber 
containing the stirred suspension. It is of interest, however, that determina¬ 
tion of the pH value of a suspension made of clay colloids which were trans¬ 
ported toward the anode and precipitated on the anode membrane shows the 
pH-value 3.45 [Bradfield (S)]. 

In order to find the total amounts of ions transported from the suspensions 
by use of different membranes the corresponding amounts of cations and anions 
were added and the sums are shown in the following collocation. As will be 
understood, only the a-fractions are entirely comparable: 

Soil 7A.: Cathode membrane parchment, anode membrane parchment, sum =» 1.519 M.e. 

Soil 7A: Cathode membrane parchment, anode membrane cellophane, sum = 1.859 M.e. 

Soil 79A: Cathode membrane parchment, anode membrane parchment, sum =» 1.952 M.e. 

Soil 79A: Cathode membrane parchment, anode membrane cellophane, sum « 2.091 M.e. 

Soil 48A: Cathode membrane cdlophane, anode membrane parchment, sum 2.000 M.e. 

Soil48A: Cathode membrane cellophane, anode membrane cellophane, sum — 2.216 M.e. 

The greater quantities of ions transported when cellophane was used as 
anode membrane indicate that this material should be preferred in comparison 
with parchment. The ammeter reading during the experiments also showed 
that the current rose to higher values and the maximum amperage was obtained 
after shorter periods of time, which indicates that the resistance due to the 
anode membrane itself was less in the cases where cellophane was used. 

TOTAL AMOUNTS OT EXCHANGEABLE CATIONS IN THE SOILS USED IN THE 

INVESTIGATION 

In table 12 are summarized results of experiments for the six soils which were 
used in the investigations. Only the experiments in which the replacement of 
the exchangeable cations was supposed to have been completed, or at least 
nearly completed, are reported in the table. 

It is of interest to note that the influence of the different treatments is most 
pronounced in the beginning of the experiments, but little by little the amounts 
of cations liberated from the same soil tend to be of the same magnitude. The 
quantities of cations given off, however, increased as long as the experiments 
continued, and it is of interest to know at what time the process of electrodialy¬ 
sis of a given sample is finished- How far the final values in the table really 
represent the so-called exchangeable or adsorbed cations in the soils is therefore 
an open question which requires further examination. 

It might here be desirable to call attention to the fact that the terms *‘ex- 
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changeable’’ or ‘‘replaceable” cations very often are used as designations for 
all the cations liberated from soils regardless of whether or not the sources 
are adsorbed cations or cations from easily soluble salts. In many cases, es¬ 
pecially for soils from humid regions, the last mentioned part is sTnal] compared 
to the former, but if any, this amotmt presumably wiU be liberated in the 
beginning of the experiments. Also by the neutral salt extraction methods at 
least the water-soluble salts are involved in the amounts taken out by the 


TABLE 12 

Total amounts of electrodialyzable cations in the soils used in the investigation 


SOIL 

DIFFERENCE IN TEE EXPERIMENTAL 

I time 

M.E. CATIONS PER 100 GM. OF SOIL AFTER: 

NUMBER 

CONDmONS 

DIALY- 

12 

hours 

24 

hours 

36 

hours 

60 

hours 

100 

hours 

150 

hours 

7a{ 


hours 

150 

150 

1.454 

1.414 

1.795 

1.736 

2.061 

1.987 

2.352 

2.281 

2.501 

2.474 

2.634 

2.641 

49A 1 

25 gm. salmple 

50 gm. sample 


2.474 

1.689 

2.918 

2.564 

3.124 

2.911 

' 3.278 
3.270 


3.693* 


25 gm. sample 

50 gm. sample 


2,926 

2.239 

3.633 

3.219 


4.339 

4.186 


4.701 




36 

hours 

60 

hours 

96 

hours 

120 

hours 

144 

hours 

192 

hours 

14A 1 

Ontario loam 

Voltage = 125 

Voltage = 250 

120 

! 

14.439 

16.054 

18.995 

19.947 



120 

18.473 

20.501 

22.199 

23.109 

. 


48A 1 

Anode membrane cellophane 
Anode membrane parchment 

120 

120 

4.039 

3.882 

5.649 

5.323 

8.066 

7.077 

9.119 

8.485 



79A 1 

Voltage = 110 

Voltage « 220 

192 

192 

8.026 

11.415 

10.766 

14.942 

14.124 

21.380 

16.403 

25.277 

19.611 

28.530 

25.135 

30.027 


* 125 hours. 


leaching procedure, provided the soil has not been washed with water for a 
suflBlcient time beforehand. 

Besides cations from eventually easily soluble salts the electrodialysis as well 
as the leaching methods are supposed to cause a solubility or weathering effect 
on the soil particles themselves, so that the results obtained also include more 
or less cations from more difficultly soluble salts and the soil complexes. 

Most writers who deal with electrodial 3 rsis of soils claim that their experi¬ 
ments have been continued till a constant amperage is obtained, or to at least 
one hour after the dialyzate drained from the cathode chamber does not give 
a color with phenolphthalein. The solubility effect during the time of experi- 
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mentation is then not taken into consideration. Od& and Wijkstrom (13), 
however, point out the necessity of distinguishing between the exchangable 
cations and cations liberated by weathering, and have found that the last 
quantity follows closely the parabolic equation: 

y « J? + 

from the time the replacement of the adsorbed base cations is completed* 
The y in the formula is the total amount of cations in M.e. liberated from the 
soil, B is the supply of cations which are exchangeable and those which are 
present in the soil solution developed from soluble salts, t is the time in hours, 
and jS represents the weathering velocity of the soil. The reported equation is 
tried and found valid for calcium, magnesium, potassium, and sodium; by 
addition of the single equations the total amount of base cations (F) from the 
respective soils can be found.^ 

The amount of cations liberated as a result of solubility processes might in¬ 
crease during the time of dialysis as a result of the increasing acidity in the soil 
suspension, although the differences in quantities of ions liberated under some¬ 
what different reactions are not found to be very great (cf. the membrane 
experiments). On the other hand, it should seem reasonable that the amounts 
would decrease with time since the previously most weathered particles and 
part of the particles disappear first and the unweathered minerals will be left. 
The easily soluble salts will go into solution and the cations removed from the 
soil suspension to the greatest extent in the beginning of the experiments. 
Taking these circumstances into consideration the electrodialyzable cations 
appear to consist of the adsorbed cations plus a smaller amount of cations suc¬ 
cessively liberated from soluble salts and by weathering effect on the soil com¬ 
plexes, and it might not be far from the truth to assume that the amounts which 
are liberated from the last mentioned sources are approximately the same from 
time to time during the whole experiment. If this quantity could be found 
and subtracted from the total amount the remainder should be the exchange¬ 
able cations. 

When a point of minimum cation liberation is reached the amounts of 
cations which are still liberated from the soil suspension remain approximately 
constant from interval to interval (cf. previous tables). All these cations pre¬ 
sumably are removed as a result of the dissolving processes which act in the 
suspension. If these processes have been acting as long as the experiment has 
run and to about the same degree of effectiveness the correction should be the 
average amount of cations liberated per hour, after a constant value per time 
unit is obtained, multiplied by the number of hours of the experiment This 
product subtracted from the total sum should give the exchangeable cations. 
This correction is related to that of Hissink (8) in his extraction method where 
the amount of base cations found in the second liter of filtrate is subtracted 

* Cf. also a previous paper by Oden (11) where this problem is discussed. 
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from the amount found in the first liter. The basis for this manner of pro¬ 
ceeding in the BHssink’s method is the assumption that the solution process 
goes on during the whole time of leaching to approximately the same extent. 
Compared with Oden and Wijkstroms equation, and using the same symbols, 
the suggested correction will give a straight line instead of a parabola from 
the moment all exchangeable cations are removed from the soil, and the factor 
B will not compose the cations from the soluble salts (which here are included 
in the factor jS), but only the adsorbed or exchangeable cations. 

By ex amina tion of the tables giving the detailed results of the experiments it 
is found that only for soils 7A, 49A, 50A, and the high voltage experiment with 
soil 14A, are the points reached where the liberation of cations remains ap¬ 
proximately constant during more intervals, and where at the same time ap- 


TABLE 13 

Total afnounts of exchangeable cations in some of the soils studied 


son. 

NUMBER 

LENGTH 

OF EXPESI- 
MENTS 

FINAL 

CATION 

UBERAIION 

PEKEOUH 

OOHSEC> 

TION 


EXCHANGE- 
ABLE CiTIONS 

MEAN 

SEFEfiENCE 

TABLE 

NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 


hours 

m.e. 

in.e. 

iR.e. 

mx. 

fn,e. 


7A { 

ISO 

0.003 


2.634 

2.184 

2.188 

9 

150 

0.003 

0.450 

2.641 

2.191 

9 

49A 1 

100 

125 

0.005 

0.006 

0.500 

0.750 

3.465 

3.693 

2.965 

2,943 

2.954 

3 

3 

SOA 1 

100 

0.006 

0.600 

4.650 

4.050 

4.001 

4 

ISO 

0.005 

0.750 

4.701 

3.951 

4 

14A 

120 

0,038 

4.560 

23.109 

18.549 

18.549 

7 


proximately constant amperage is obtained. A constant amperage should, to 
a certain extent, indicate that the amounts of cations transported from time 
to time remain constant- In the experiments with soils 48A and 79A it is evi¬ 
dent that the points of constant cation liberation are not reached, facts which 
also were observed during the experimentation, since constant ammeter read¬ 
ings were not obtained before the experiments were finished. The correction 
can therefore be tried only on four of the six soils studied. The results of such 
a trial are given in table 13, and the numbers given in column 7 diould be the 
amounts of exchangeable cations in the soils. 

In figure 1 the relationship between cation liberation and amperage is shown 
for soil 14A. The time is plotted on the abscissae and the total amounts of 
cations liberated from time to time on the ordinates. The amperage during 
the experiment is also plotted on the ordinates. The amounts of cations are 
given in miUiequivalents and the amperage in milliamperes. 
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The connection between approximatel}* constant cation Kberation and am¬ 
perage is clearly indicated from the graph. The correction suggested can also 
be illustrated graphically. If a tai^ent, which coincides wiA the straight 
part of the cur\-e, is extended to the y-axis this axis will be cut at a certain 
point. The distance from the origin to this point represents the exchangeable 
cations. 

It must be pointed out, however, that the different cations are set free with 
different speeds during the time of electrodialysis (12). Therefore a correction 
which might afford some aid in the estimation of the total amounts of ex¬ 
changeable cations is perhaps less useful for the single cations. 

If the problem is an investigation and comparison of the amounts of readily 



available cations from a number of soils a distinction between exchangeable 
cations and cations liberated by solution and weathering is of more theoretical 
interest than of practical value, because it is the total quantity of readily 
available base cations which indicates whether or not the soils are rich in plant 
nutrients. On the contrary, from the standpoint of comparison of the quan¬ 
tities of cations from different soils it is of great importance that the determina¬ 
tions are performed under similar and known conditions, such that the results 
obtained really are comparable. 

In order to verity the results from the electrodialysis experiments the 
amounts of exchangeable cations in the soils were also, as previously mentioned, 
determined by extraction with ammonium acetate. These results are given in 
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table 14. The table gives also the amounts of cations from water-soluble 
salts in the soils. 

As seen from the table the amounts of cations obtained by water extraction 
are small for all soils. The results of the ammonium acetate extraction show 
that leaching of the samples until 200 cc. of filtrate are obtained, such as pro¬ 
posed by Baver (2), has not been sufficient for these soils, especially for the soils 
which are rich in exchangeable cations (cf, soils 14A and 79A). This appears 
from columns 4, S, and 6, which show that the second fractions of ffltrate 
contain more cations than do the third and fourth fractions. For soils rich 
in replaceable cations the leaching procedure therefore apparently should be 
continued at least until 500 cc. of filtrate are obtained. It may also be seen 
from the data presented that ammonium acetate solution caused a slight solu¬ 
bility effect in the soUs. In order to obtain the amounts of exchangeable 
cations as accurately as possible the cation contents of the a- and b-fractions 

TABLE 14 

Results from the extraction experiments 


■it £ CATIONS PXS 100 GS3C OP SOIL 


SOIL 

NUMBER 

Water 

eztractiozi 

ArnTnoaima acetate extraction | 

Reduced 

total 

[(a + b) - 
(c + d)l 

Reduced 
total minus 
water 
soluble 

a 

b 

c 

d 

Total 

1 

2 

3 

4 

5 

6 

7 

8 

9 

mm 

isa 

2.538 

0.137 

0.117 

■29 

2.929 

2.421 

2.172 


njn 

3.318 

0.193 

0.097 

I 

3.681 

3.337 

3.220 



4.490 

0.176 

0.117 


4.920 

4.412 

4.157 


0.176 

16.836 

1.562 

0.390 


18.983 

17.813 

17.637 

48A 

0.215 

7.320 

0.117 

0.078 


1 7.613 

7.261 

7.046 

79A 

0.156 

24.298 

3.074 

1.171 


1 29.226 

25.518 

25.362 


are added and then corrections for solubility are made by subtracting the 
amounts of cations in the c- and d- fractions (column 8), and finally the cations 
from water-soluble salts are subtracted (column 9). The numbers in column 
9 should consequently be the amounts of exchangeable cations. 

Comparisons between the amounts of ‘'exchangeable cations” found by 
electrodialysis (I) and by ammonium acetate extraction (11) give the following 
results: 


I (Tabk 13} n (Tabk 14) 

Soil 7A. 2.188M.e. 2.172 M.e. 

Soil 49A. 2.954 M.e. 3.220 M.e. 

Soil 50A. 4.001 M.e. 4.157 M.e. 

Soill4A. 18.549 M.e. 17.637 M.e. 


As may be seen, the agreement between the two methods is good for these 
soils when in both cases corrections axe made for the solubility effect. The 
parabolic equation referred to previously, has also been applied to the soils 
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described, but in these cases it gives too small reductions of the total amounts 
of cations found if the ammonium acetate method is used as standard. The 
data presented by Oden and Wijkstrom (13) show, however, that the equation 
given by these authors seems to be a very good mathematical expression of the 
process of weathering caused by electrodialysis. 

According to table 14, the amounts of exchangeable cations for soil 48A are 
7.046 M.e., and for soil 79A, 25.362 M.e. From table 12 it may be seen that 
the total amounts of cations found for these soils in the electrodialysis experi¬ 
ments are greater than the sums mentioned. The surplus must be results of 
solubility effect during the experimentations, but, as previously stated, these 
experiments were not continued long enough to reach constant cation libera¬ 
tion such that corrections can be made. 

It is of interest to call attention to the great difference in the amounts of 
exchangeable cations which are found for the two tj^pes of soils used in this 
investigation. According to table 1, which shows the total amounts of the 
most important base cations in the soils, the Volusia silt loam soils should con¬ 
tain but little less of cations than the Ontario loam soils. In the content of 
exchangeable cations, however, the difference is great in favor of the Ontario 
loam soils. The Ontario loam is known as a very productive type of soil in 
comparison to the Volusia silt loam (9, p. 110) and one of the reasons why might 
be the greater content of easily available base cations. 

Checking the results from the electrodialysis experiments as well as the 
ammonium acetate extractions performed gave very good agreement for ex¬ 
periments made under similar conditions. The previously mentioned veri¬ 
fication of the determinations of the total amounts of cations from the extrac¬ 
tion experiments as chlorides by electrodialysis of aliquots of the filtrate and 
titration of the bases in the cathode water gave practically the same results as 
the AgNOa titration. 


SUMMARY 

This paper presents results from a series of electrodialysis experiments per¬ 
formed in order to show the influence of various experimental conditions on the 
speed of cation liberation from certain soils. The conditions investigated are 
differences in the concentration of the soil suspension, differences in the dist¬ 
ance between the electrodes, differences in voltage, and differences in mem¬ 
branes. The results are given in connection with the description of the vari¬ 
ous experiments. 

Determinations of the total amounts of exchangeable cations in the investi¬ 
gated soils by extraction with ammonium acetate were also made. The re¬ 
sults are compared with the results from the electrodialysis experiments and an 
attempt is made to distinguish between the total quantities of cations liberated 
from the soils and the amounts of exchangeable cations. 
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PIATE 1 

Appajeiaxits Used m ExPEmiENTS 

Fig. 1, The author’s electrodialysis apparatus 
Fig. 2. Mechanical dispersion and stirring equipments 






THE DETERMINATION OF NITRATES IN SOILS CONTAINING 
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The determination of nitrates by the phenoldisulfonic acid method in humus 
materials, or in soils which contain soluble organic matter, is often made diflBi- 
cult or impossible by discoloration caused by the organic matter. This is 
especially true when the nitrate content of the material being studied is low. 
If the nitrate content of the material is fairly high, such as occurs in some 
muck soils after incubation, the discoloration may be disregarded if it is not 
too intense. 

The writer, while studying forest soils in which the nitrate content is usually 
low, found that nearly aU samples of litter and pronounced duJBEs yield water 
solutions which are too highly colored to determine even approximately the 
quantity of nitrate nitrogen present, using the ordinary methods of procedure. 
Such clarifying agents as aluminum and copper hydroxides, bone black, and 
G-elf carbon black mainly remove material in suspension. Soluble dis¬ 
coloring materials are not greatly affected by them. 

A method suggested by Syme (2), which involves the oxidation of the solu¬ 
ble organic material by means of potassium permanganate, has proved in¬ 
effectual. This is mainly because of the difficulty in adding exactly the 
right amount of oxidizing reagent, the least excess of which discolors the 
solution still further. Also, after the permanganate has acted upon the 
organic matter a residue remains, which is difficult to filter off. 

A simple and convenient method which has proved to be very satisfactory, 
giving clear and uncolored solutions in practically every instance, involves 
the use of concentrated hydrogen peroxide (superoxol) and ammonium 
hydroxide. The procedure is as follows: 

A soil-water mixture is prepared in the usual manner, but without the 
addition of a precipitating agent. After the mixture is filtered a little pow¬ 
dered Ca(OH)2 (0.5 gm. to 100 cc. solution) is added to the filtrate. If the 
hydroxide is added to the soil-water mixture before filtering, the discoloration 
is accentuated in many cases. The fiiltrate should be stirred after the addi¬ 
tion of the hydroxide and allowed to stand for several minutes and then 
filtered. This procedure removes much, if not most, of the coloring matter 
from the solution. Often, however, some discoloration will remain. 

^ Department of forest soils research. 
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An aliquot of the filtrate is placed in a porcelain dish and evaporated to 
dryness. If any soluble organic matter is present the residue or incrustation 
in the bottom of the dish will be brownish in color, the intensity of which 
depends upon the nature and amount of the organic matter present. The 
evaporating didi is allowed to cool and approximately O.S cc. of 1:1 ammonium 
hydroxide is added. The dish is then rotated careftiUy in order to wet 
thoroughly all of the residue. Five to fifteen drops of superoxol are then 
added, according to the intensity of the brown color, and the dish is again 
rotated until the superoxol is in thorough contact with all of the residue. 
The reaction may be accelerated by placing the dish on a steam bath and 
carefully evaporating the solution to (hyness. If any discoloration remains 
the residue diould again be wetted with the ammonia and superoxol and 


TABLE 1 


Nitrates recovered from soils containing known amounts of nitrates 


TOTAL NITSATES SSCOVBBED 


KNOWN 


AMOUNT 

07 NITSATES 
PBSSENT 

Treated 

Untreated 

1 

2 

3 

4 

1 

2 

3 

4 










1 

1 

1 

1 

1- 

1+ 

1 

1 

1 

3 

3 

3 

3~ 

3+ 

3 

3 

3+ 

3 

5 

5- 

5 

5 

5 

5 

s+ 

5- 

5 

10 

10 

10+ 

10+ 

10+ 

10 

10 

10- 

10 

20 

19 

20 

20 

19 

20 

20 

20 

19 

30 j 

30 

30 

31 

31 

30 

29 

30 

30 

SO 

49 

51 

49 

50 

50 

48 

50 

SO 

100 

101 

99 

98 

101 

100 

101 

101 

101 

300 

297 

300 

298 

302 

302 

299 

298 

300 

500 

496 

495 

503 

501 

498 

501 

500 

498 

1,000 

1,000 

1,005 

994 

1,003 

998 

997 

1,001 

1,002 


evaporated. If a discoloration should still persist, it is most probably due to 
traces of iron or manganese and not due to organic matter. Aluminum and 
silica may also be present. In either case further attention need not be 
given to the color because these substances will not interfere with the final 
reading operation when comparison with the standard color is made. The 
residue is finally wetted with ammonia and evaporated to (hyness in order to 
expel any excess of the superoxol. From this point the regular procedure is 
followed. 

Most of the discoloration due to soluble organic matter can also be removed 
by superoxol after the yellow nitrate color has been developed ia the ordinary 
m anne r. This procedure is not as effective as the one outlined in the fore¬ 
going and requires the use of mu(ih more superoxol. 

In order to determine whether any inaccuracy is caused by the use of 
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superoxol, i.e., whether nitrate^ are formed or destroyed, tests were made 
using known amounts of nitrates. Satisfactory checks were obtained in all 
instances, whether the nitrate content was high or low, as shown in table 1. 

In the same manner it was found that nitrites present in the soil solution 
would not be oxidized to nitrates to any determinable extent. Nitrites are 
extremely unstable in the presence of strong ammonia and are almost immedi¬ 
ately lost in the form of a gas or a mixture of gases. Nitrites are also un¬ 
stable in the presence of strong acid and would be lost in a similar manner 
when phenoldisulfonic acid is added to the residue in the regular procedure. 
Gaarder and Hagem (1) in Norway, write that contrary to most investi¬ 
gators, they find that nitrites in soil solutions are oxidized to nitrates when 
treated with the phenoldisulfonic acid. 

It was found, however, that when large amounts of nitrites were used— 
several hundred parts per million—^a slight oxidation of nitrites to nitrates 
occurred because, a slight increase over the known amoimt of nitrates present 
was obtained. Since soils rarely contain more than traces of nitrites, it is 
believed that the method here outlined is very accurate and practicable for 
the determination of nitrates in soils which contain soluble organic matter. 

REFERENCES 

(1) Gaarder, T., aistd Hagem, 0. 1921 Salpetersyredannelse i udyrket jord. Meddel 

Vestlandets Forst. Forsoksstation 4, Bergen, Norway. 

(2) Stme, W. a. 1908 The colorimetric determination of nitrates in soil solutions con¬ 

taining organic matter, Joitr. Indus, and Engin. Chem. 1: 188-189. 
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Aq I<AV£/R 

The general morphological and chemical features of the Aq layer in a t3^ical 
podzol profile on a loamy parent material are as follows; 

Ao is the humus-decay accumulative layer which consists of leaf mould and 
forest litter, about 2 to 3 or more cm. thick, depending on conditions referred 
to in a previous publication (2). It corresponds to what the foresters refer 
to as the F and H layers. It is intermingled with some mineral soil material. 
This layer is accumulative in the sense that the organic matter of plant and 
animal origin upon decay leaves behind humus substances which are decom¬ 
position products and newly S3mthesized complexes of biological and chemical 
origin. 

The carbon, oxygen, nitrogen, and hydrogen which make up the bulk of 
the organic matter originate in the atmosphere and hydrosphere. And it is 
through the organic matter that the atmosphere and hydrosphere react 
with the aid of the biosphere agency on the lithosphere in the process of soil 
formation. 

That portion of the completely decomposed—^in other words, mineralized— 
organic matter from the humus accumulative layer leaves behind mineral 
substances. These minerals originally come from the lower horizons through 
the agency of growth and in that way Ao is genetically related to the entire 
body of the soil profile. 

Mineralisation process 

A portion of the minerals combines with the humus substances, forming 
the organic complexes such as Ca, Mg, Mn, Fe, and A1 humates. Because 
of the carbonic add formed in the process of decomposition, the nitric add¬ 
in the nitrification process, sulfuric add—in the oxidation of sulfur compounds, 
and the organic add as split products in the process of organic matter decom¬ 
position, some of the bases in the humate complexes are replaced by hydrogen 
and the material of the Ao is therefore almost always add. Some of the 
hydrogen saturated complexes become mobile because of their high dispersion 

1 Journal series paper of the New Jersey Agricultural Eaperiment Station, department 
of son chemistiy and bacteriology. 
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and they move downward. With them move the other portion of the minerals 
and the free acids. They react with the mineral constituents of the underlying 
horizon, decompose the silicates, and release the bases which join the sub¬ 
stances from the Ao in a further downward movement. 

Thus Ao is the starting point of many reactions. It is the potential source 
and storehouse of the substances which react with the underlying horizons 
and impart to the profile the characteristic features of podzols. 

Base-exchange capacity 

One of the distinctive chemical properties of Ao is its high base-exchange 
capacity, especially when compared with the same property in the other 
horizons. In no zonal soil t 3 ^e is the difference in base exchange capacity 
between the Ao and the underlying horizons so great as in the podzol zone. 


TABLE 1 

Some chemical properties of the layer* 


SOILSEKZSS 

DEPTH 
OP Ao 

SEACnON 

BASEXX> 

CHANGE 

CAPACITY 

DNSATDHATION 

BASEEX> 

CHANGE 

CAPACITY 

OF 

HOSXZON 

c 

HsO 

extract 

Neutral 

salt 

extract 


cm. 

PE 

pE 


f».e. Oil B 

per cent 

m.e. 

Sassafras loam. 

3 

5.0 

3.8 

22.3 

19.7 

88.3 

5.2 

Penn silt loam. 

3 

5.2 

4.3 

26.4 

18.64 

70.6 

11.2 

Chester gravelly loam. 

3 

6.2 

5.0 

18.5 

5.83 

31.5 

5.3 

Washington loam. 

5 

7.2 

6.8 

37.2 

1.98 

5.3 1 

5.03 


* The soils on which the anal 3 rses are presented are not true podzols. They are members 
of the podzol zone, the southern belt variety, which was discussed in an earlier publication (2). 

t M.e. is the milligram equivalents per 100 gm. of soil. The Ba-acetate method was 
used in determining the base-exchange capacity and the unsaturation. 

Another distinctive chemical property of Ao in the podzols is its high un¬ 
saturation. 

In table 1 a few properties of Ao in a number of soils in New Jersey are 
presented. 

The data in table 1 show that the base-exchange capacity of Ao is fairly 
high. For comparison the exchange capacity of the parent material (horizon 
C) is given. The latter is taken as a measure of the base-exchange capacity 
of the mineral portion of the soil. As a matter of fact, it is difficult to deter¬ 
mine the constant for the base-exchange value of the mineral fraction which 
should be applicable to all the profile horizons, even in any one particular soil. 
It is variable because of the dynamic nature of the soil forming processes. 
For purposes of orientation the exchange capacity value of C might be used 
as the starting point to bring out the facts about the comparative r61e of the 
organic and mineral fractions in the base exchange reactions of the soil. The 
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figures in table 1 reveal that the seat of the base-exchange capacity in Ao lies 
primarily in the organic fraction. 

Mattson (3) prepared by the Od6n method a sample of ‘^umic acid” which 
he found to have an exchange capacity of 306.4 m. e. per 100 gm. This would 
seem to indicate that the organic matter of the Ao layer does not contain much 
of this humic acid. Analyses of 12 Ao samples (only 4 are given in table 1) 
have given only one case where the base exchange capacity was equal to 37.2 
m.e. per 100 gm. Thus, at best, the organic matter would contain about 10 
per cent of the “humic acid.” We know, however, that the humic acid is 
not the only organic constituent capable of base exchange. It may, therefore, 
be inferred that the state of decomposition which is responsible for the forma¬ 
tion of the many organic complexes in Ao will influence the base-exchange 
capacity. In table 2, reproduced from MuUer (5), figures are presented 
which show that the stage of decomposition does influence the base-exchange 
capacity of organic materials. 


TABLE 2 

Base exchange in decomposing organic maimds 


BAS£ SXCHANGS FES GSAUDST mioax 


Tnfff. 



Soybeans 

Straw 

Manure 

Besinniiur. 

m.e. 

0.58 

mji. 

0.00 

0.73 

After 3 weeks. 

0.22 

1.03 

After 2 months. 

0.52 

0.30 

1.09 

After 3.5 months... 

0.48 

0.33 

1.11 

After 6 months....... 

1.20 

0.38 

1.45 

After 9 months... 

0.59 

1.67 




XJnsaturation of A q 

Table 1 also brings out the next important chemical property of the Ao 
layer in podzols, its unsaturation. It varies from 5.3 to 90 per cent. This 
wide variation is due primarily to two factors; parent material and vegetation. 

Parent maierial as a factor of unsaturation 

In the podzol process of soil formation the mineralized bases from the Ao 
layer go downward to be partially “filtered” out, or adsorbed, by the B horizon. 
There they are caught by the plant roots and, together with the bases which 
are picked up by other roots in the soil solution of the intermediate layers— 
between Ao and B—, they are transferred to the tops of the plant cover. 
They appear again at the surface when the leaves, twigs, and branches die and 
are redeposited in the Ao layer to be mineralized. The richer the parent ma¬ 
terial the greater the circulation of the bases; the state of unsaturation will 
therefore depend on the balance between the outgo and return of the bases. 
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Because of that, soils which have a parent material rich in bases will resist 
podzolization. This seems to be the case with the Washington loam as 
shown in table 1. Its parent material consists of glacial drift which contains 
some limestone. Naturally more calcium is pumped up from the lower 
horizons and redistributed in Aq. This is reflected in the reaction of the 
material. A water extract of it shows a pH of 7.2 and even a neutral salt 
extract shows only slight acidity—pH 6.8. 

Ammonification and unsaturation 

This type of unsaturation is not to be confused with a temporary condition 
of a similar nature—^increase in alkalinity—^because of the formation of am¬ 
monia in the process of ammonification. It is well known that the base 
exchange complex of the podzols, especially the Ao layer, may contain some 
ammonia. The little work done by the aulior indicates that it varies season¬ 
ally and in the late spring ammonia may be detected frequently. Undoubt¬ 
edly it is linked up with the relative supply of carbohydrates and nitrogenous 
substances. This problem needs to be investigated further. 

Vegetation as a factor of unsaturation 

The wide variations in the ash content of plants contribute a good deal to the 
speed of podzolization. Unfortunately not very many analyses on the forest 
litter are available. It is known, however, that as a rule the hardwoods con¬ 
tain a higher ash content than the conifers. 

In table 3 ash analyses and CaO content of wood, bark, and forest litter 
of a number of hardwoods and conifem are given. 

A comparison of the average ash content of the forest litter in the conifers^ 
with the average ash content of the litter in hardwood shows that the hard¬ 
woods bring into circulation more ash than the conifers. The average ask 
content of the conifers is equal to 2.54 per cent with a minimum of 1,29 and a 
maximum of 3.31 per cent, whereas the average of the hardwoods is equal to 6.63 
per cent with a minimiun of 3.85 per cent and a maximum of 11.74 per cent. 
There is 2.6 times as much ash furnished by the hardwood litter as by the con¬ 
ifer litter. Even the wood and bark of the hardwoods has a higher ash content 
than the wood or bark of the conifers, as shown in table 3. 

Another point to be considered in this connection is the rate of decom¬ 
position of the litter. Hardwood litter decomposes much faster and more 
completely than conifer litter. There are fewer intermediary split products 
of decomposition under conditions of hardwood litter than under conifer litter. 
Thus the final products of mineralization axe more active in the hardwood 

* The average for the conifers was obtained by adding the ash percentages from No. 1 to 
10 in table 3 and dividing by 8, the number for which analyses are diown. Similarly the 
average content of the hardwoods was calculated. 
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TABLE 3 


Ash constituents of some forest trees 




ASH CONTENT IN 

CaO CONTENT IN 

MTTMBEB 

SPECIES 

Wood 

Bark 

Forest 

litter 

(old 

leaves) 

Forest 

litter 

Wood 

1 

Yellow pine {Pinus mitus)^ 

percent 

0.376S 

percent 

percent 

percent 

percent 

0.163 

2 

Old field pine {Pinus mitus)^ 

0.2620 

1.81 

..... 


0.113 

3 

Red pine {Pinus resinosa)^ 



2.30 


. 

4 

White pine {Pinus 



2.70 


. 

5 

White pine {Pinus sfrabies)** 




.... 


6 

Pine {Pimis syhestris)^ 



1.46 

0.59 


7 

Pilch pine {Pinus rigida)** 



1.29 

.... 


8 

Black pine {Picea nigrd)^ 

0.2874 



.... 

0.123 

9 

Red spruce {Picea ruhra)\i 


. 




10 

Red spruce {Picea rubra)** 



3,31 

.... 


11 

Balsam fir {Abies bedsamea)** 



3.08 



12 

Larch {Larix europaea)** 






13 

Red maple {Acer rubruni)^ 

0.2714t 

3.48t 

4.40 



14 

Red maple {Acer rubrum)** 



4.08 



15 

Sugar maple {Acer saccharum)^ 






16 1 

Sugar Maple {Acer saccharum)** 



6.68 



17 

Black locustt 



11.74 



18 

Bircht 



4.68 



19 

Grey birch {Bettda populifolia)\\ 



4.10 



20 

Grey birch {Betula popidifolia)** 



4.07 



21 

Beech {Fagus grandifolia)** 



4.49 



22 

Beech {Fagus grandifolia)** 

1 


9.26 



23 

Beech {Fagus grandifolia)** 

1 


9.36 



24 

Beech {Fagus girandifolia)** 



7.11 



25 

Beech {Fagus grandifolia) § 



5.57 

2.46 


26 

Bird chenyt 



7.24 


. 

27 

Chestnut {Castanea vulgaris)^ 

0.1500 

3.43 

4.55t 



28 

Hickory {Carya tomentosa)1[ 

0.6468 

3.86 



0.161 

29 

Redoak {Quercus rubrum)^ 

0.7687 

6.28 



0.246 

30 

White oak {Quercus alba)1[ 

0.3927 

5.88 



0 083 

31 

Post oak {Quercus obtusiloba)1[ 

0.9224 

11.80 

.... 



32 

Dogwood {Comus Florida)^ 

0.8029 

9.62 



0.223 

33 

Ash {Fraxinus cmericana)1[ 

0.4247 


10.26** 


0.075 

34 

Poplar {Poptdus grandidentaia) ** 



3.85 



35 

Sycamore {Plantanus occidentedis)^ 

1.00 






* Average of three lots, 
t Results taken from White (9). 
t Results taken from ToUens (7). 

§ Results taken from Glinka (1). 

II Results tATgfin from C. W. Watson, personal communication from unpublished data. 
** Results taken from Melin (4). 
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forests, and, being basic in reaction, they contribute a great deal to the retarda¬ 
tion of the podzolization process in hardwood forests. All in all, the hardwood 
vegetation, furnishing a higher ash and consequently higher base content, 
will help to keep the unsaturation of Ao at a low level. This in turn will retard 
the process of podzolization. 

The case of the brown soils (“Braunerde*^ of Ramann) which are climato- 
genically in the podzol zone and still not thoroughly podzolized has been 
discussed elsewhere (2). It is the parent material and the vegetation that 
enter into the picture of the process of forming the “Braunerde.’' 

THE Ai HORIZON 

Morphological and chemical characteristics 

In a true podzol the Ai horizon is the mineral horizon lying immediately 
below the Ao layer. On a loamy parent material its general morphological 
features are as follows: It is light gray with a straw-colored tinge, impregnated 
with some humus material, and is of a powdery, loose, silty structure, with a 
sandy appearance and fine porosity. As a matter of fact it has no structure 
and this structureless condition is one of the distinctive characteristics of this 
horizon. The texture is not sandy either, rather it is loamy. In thickness it 
varies, but on the average it is about 14 cm. 

Chemically Ai is distinguished by its low base exchange-capacity—as com¬ 
pared with Ao—loss of bases and sesquioxides, enrichment in SiOg, and a 
comparatively high unsaturation.; 

In a medium podzolized soil where the morphological attributes are not in 
evidence the chemical properties determine the degree of podzolization, 

A morphological study made on the profiles of the loam soils mentioned 
in table 1 reveals no apparent features of a podzol. The Ai horizon instead 
of being light gray is yellowish brown in the Sassafras loam; reddish brown 
to brown in the Washington loam; darker reddish brown in the chestnut, which 
contains a considerable amount of organic matter; and brownish red in the 
Penn silt loam.^ Thus the Ai horizons in the soils mentioned do not exhibit 
the morphological features which correspond to those m a true podzol loam. 

When we come to examine the chemical properties of the Ai horizons in the 
respective soils as presented in table 4, we note that these do correspond, or at 
least show tendencies to correspond to the chemical attributes of the loam 
podzols. 

* There are some physical properties of the soil, such as structure, and poroaty, which are 
easily detected by morphological methods and are therefore considered together with the 
moiphological characteristics of the soil. 

* The Penn series of soils seem to beloi^ to what Glinka (1) calls “endodynamomorphic 
soils in which the factor of the parent material predominates over the climatic factor for a 
long time in the process of soil formation.” 
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Base exchange capacUy and unsaiuraiion 

In table S a comparison is made on the base exchange capacity and un- 
saturation of the Ao, Ai, and C horizons. 

TABLE 4 


Total chemical analyses of soil profiles 


1 

> 

1 

t 

< 

h 

1 

1 

1 

> 

! 

! 

! 

1 

1 

n 

DEPTH OE HORIZON 

REAC¬ 

TION 

■u> 

1 


1 

CaO 

MgO 

,1 

BASE EXCHANGE CA¬ 
PACITY 

UNSATTJRA- 
TION (H) 

H.0 extract 

Neutr^ salt 
extract 



cm. 

PB 

pn 

per 

cent 

percent 

per cent 

percent 

per 

cent 

per 

cent 

percent 

m.e. 

«... 


Sassafras loam 


1 

Ao 

3-4 

5.0 

3.8 

76.05 

3.127 

5.322 

0.123 

0.347 

0.472 


22.30 

19.70 

88.3 

2 

A, 

15 

5.2 

4.4 

85.33 

4.128 

5.086 

0.080 

0.247 

0.479 

0.144 

5.46 

5.14 

94.1 

3 

Aa 

18 

5.0 

4 4 

85.78 

4.575 

8.562 

0.085 

0.456 

0.611 

0.312 

4.74 

4.27 

93.6 

4 

B 

14 

5.1 

4.4 

84.35 

4.575 

6.23 

0.101 

0.513 

0.629 

0.225 

4.98 

4.05 

81.3 

5 

C 


4.9 

4.5 

84.30 

4.743 

6.75 

0.090 ! 

0.339 

0.679 

0.157 

5.2 

4.05 

78.0 


Penn silt loam 


7 

Ao 

3-4 





17.06 

!1BI 


1.729 


26.4 

18.64 

70.6 

8 

Ai 

12 

4,9 

4.5 

57.85 

8.15 



0.304 

1.743 

0.487 

14.1 

7.56 

53.6 

9 

Aa 

26 

4.8 

4.5 

56.7 

8.53 

19.53 


0.342 


0.238 

10.7 

7.56 

70.6 

10 

B 

38 

4.9 

4.3 

54.97 

9.54 

20.36 


0.206 

2.166 

0.425 

11.4 

7.56 

66.3 

11 

C 


5.1 

4.3 




Bl 


2.053 

0.437 

11.2 

7.64 

68.2 


Chester gravelly loam 


22 

Ao 

3-4 

6.2 

9B 



10.905 

0.127 

0.831 



18.5 

5.83 

31.5 

23 

Ai 

12 

5.5 

4.4 

71.45 

6.418 


0.092 

0.693 

0.669 

0.281 

7.19 

4.568 

63.5 

24 

Aa 

16 

5.4 

4.4 

72.55 

7.142 

9.877 

0.097 

0.736 

0.773 

0.275 

6.31 

3.46 

54.8 

25 

Bl 

IS 

5.2 

4.4 

68.37 

9.290 

10.565 

0.102 

0.583 

0.769 

0.344 

6.8 

4.49 

giftHil 

26 

Ba 

43 

5.2 

4.4 

63.25 

14.575 

11.253 

0.108 

0.363 

0.263 

0.294 

6.61 

3.34 

50.5 

27 

C 

i 

21 

m 








5.3 

2.38 



Washington loam 


17 

Ao 

3-5 

7.2 

6.8 


5.86 

10.115 

0.175 


B 

0.325 


1.98 

5.3 

18 

Ai 

21 

5.3 

4.4 

71.57 

6.64 

11.297 

0.114 

0.355 


0.255 


5.97 


19 

Aa 

11 

5.1 

4.4 

69.12 

7.73 

12.74 

0.131 

0.286 

0.636 

0.275 

8.16 

5.37 

65.8 

WHm 

B 

19 

5.3 

4.4 

65.55 

8.43 

13.52 


0.215 

0.579 

0.275 

6.24 

3.19 

51.1 

21 

C 


5.4 

4.8 

66.3 

8.567 

12.93 

0.128 

0.237 

0.692 

0.183 

5.03 

2.2 

43.7 
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capacity inherent in the humus complexes, it may be inferred that the mineral 
horizon Ai with its low base exchange capacity is poor in organic matter. 
If we examine the data in table 5 a little closer, we see that the base exchange 
capacity of Ai in the Sassafras soil corresponds to that of C, the parent ma¬ 
terial, which is supposed to contain only traces of organic matter. Looking 
at it from thi*; angle, one would be apt to surmise that in the Sassafras soil 
the base exchange capacity of Ai is due to the mineral complexes. But we 
must not forget that Ai is the horizon of eluviation where the leaching proc¬ 
esses are instrumental in decomposing the mineral complexes, in brea kin g 
up the kaolin nuclei, leaving behind Si02. All of that contributes to a decrease 


TABLE S 

Base exchange and, oddity in -4o, and C 


SOIL 6EBIBS AMS SOBIZOKS 

SSACnONS 

BASE 

EXCHANGE 

CAPAOXY 

H 

TJNSATU- 

SAXION 

EbO 

extract 

Neutral 

salt 

extract 


PS 

pB 

m.e. 

tnx. 

percent 

Sassafras loam Ao. 

5.0 

3.8 

22.3 

19.7 

88.30 

Sassafras loam Ai ... 

5.2 

4.4 

5.46 

5.14 

94.10 

Sassafras loam C. 

i 

4.5 

5.20 

4.05 

78.00 

Perm slit loam Ao. 

5.2 

4.3 

26.40 

18.64 

70.60 

Penn slit loam Ai . 

4.9 

4.5 

14.10 

7.56 

53.60 

Penn slit loam C.. 

5.1 

4.3 

11.20 

7.60 

68.20 

Chester gravelly loam Ao. 

6.2 

5.0 

18.50 

5.83 

31.50 

Chester gravelly loam Ai . 

5.5 

4.4 

7.13 

4.57 

64.00 

Chester gravelly loam C. 

5.4 

4.6 

5.30 

2.38 

45.00 

Washington loam Ao. 

7.2 

6.8 

37.20 

1.98 

5.30 

Washington loam Ai. 

5.3 

4.4 

12.00 

5.97 

50.00 

Washinjrton loam C. 

5.4 

4.8 

5.03 

2.20 

43.70 


of the base exchange capacity of the mineral fraction especially in an acid 
medium as the case is with the Ai, which is brought out by the pH values. 
It must therefore be concluded that some of the base exchange capacity in Ai 
is to be attributed to organic matter. 

An examination of the data in table 5 on the other soil series shows that 
Ai has a greater base exchange capacity than C. In the Washington loam it is 
almost 2.5 times as high. This indicates a high organic matter content. 
Thus a comparison of the base exchange capacity of Ai (for that matter any 
other horizon) and C may serve as an index of the organic matter content of 
the respective horizons. This problem is under investigation and in due time 
the results will be reported. 

The high unsaturation of Ai in the four series reported in table 5 is ample 
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chemical evidence of the podzolized state of these soils. In all soils, except 
the Peim series, the percentage of unsaturation of Ai is higher than that of Ao 
and C. The Penn series of soils does not behave as a climatogenic® soil: its 
characteristic features were formed not so much because of the climate and 
vegetation factors but because of the specific nature of the parent material. 
According to Zakharov (11) such a soil is to be called “lithogenic^’ instead of 
^‘climatogenic.’’ And even in this soil one may find chemical evidence of 
podzoliation, as will be pointed out presently. 

Coming back to table 4, which gives the inorganic constituents of the soils 
under discussion, we may note that in all cases the Si 02 is higher in Ai than in 
any other horizon except A 2 . In a true podzol the difference in Si02 content of 
Ai and A 2 is more marked than in podzolized soils—those discussed in this 
paper. 

The fundamental reactions involved in enriching the Ai horizon with Si02 
in the podzol process of soil formation are as follows: The Ai horizon is sub¬ 
jected to the action of the carbonic acid formed by the respiration of roots 
and metabolic activities of microorganisms in decomposing organic materials, 
nitric acid from the processes of nitrification, sulfuric acid from the processes 
of oxidation of sulfur compounds, other inorganic acids like phosphoric and 
silicic in various forms, and finally the organic acids from the decomposition 
of organic matter. All of these acids which form both in the Ao layer overlying 
the Ai horizon and in Ai itself react with the minerals, decompose them, set 
free first of all the alkali and alkaline earth bases, then split the kaolin nuclei, 
setting free the sesquioxides and leaving behind the Si 02 . 

Calcium and magnesium 

A low content of alkaline earth bases in Ai in a soil with a relatively higher 
content of these in C is indicative of strong podzolization. These two bases, 
especially the Ca, circulate through the soil profile more than any of the other 
cations. They return in appreciable quantities to the Ao through the medium 
of the roots and plant residues which are deposited at the surface as outlined 
previously. The data in table 4 on the Ca and Mg content of Ao show clearly 
that it is the organic matter which mobilizes the bases. 

In the soils under consideration the Ca and Mg content is relatively high, 
even higher than in the C horizon—-the parent material. From the data 
available on the chemical composition of loamy podzols it is known that the 
Ca and Mg content is rarely higher in the Ai horizon than in the C. These 
soils are therefore not true podzols since they show consistently high Ca and 
Mg in Ai and even in A 2 . It is well to remember that in true loamy podzols 
the Ca and Mg is frequently higher in Ai than in A 2 just because of the higher 
organic matter content in this horizon. 

® More about the climatogenic soils is to be found in a previous publication (2). 
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Iron and aluminum 

None of the chemical constituents of the soil material in the profile of the 
podzols are more indicative of the state of podzolization than the sesquioxides. 
In the circulation of the elements through the profile, the sesquioxides are 
among those which do not return in any appreciable quantities as the bases do. 
They are always lower in the Ai horizon than in the parent material. And 
the greater the difference between Ai (and more so in A 2 , as we shall see) 
and C, the greater is the degree of podzolization. 

In the podzol zone the conditions inducive to the movement of the ses¬ 
quioxides are a high hydrogen-ion concentration, depletion of electrolytes, 
especially bases and anions with which the sesquioxides combine, or in other 
words, the conditions which keep the sesquioxides below the isoelectric point 
of precipitation. These conditions prevail in A, the horizon of eluvialion, 
and Ai as a component of A reflects these conditions by becoming impover¬ 
ished of the sesquioxides. This is true for podzols with a mature profile. 
In the soils under consideration, as shown in table 4, the sesquioxides in Ai 
are lower than in C, a true indication of the podzolized condition of these soils, 
but the difference between the two horizons is not great enough to place these 
soils in the strongly podzolized class. 

An important characteristic of the Ai horizon is its power to fix humates 
with the alkaline earth bases and sesquioxides which originate in the Ao layer 
in the process of decomposition and mineralization of the organic matter. 
There is no accumulation of these in Ai since they are also subject to decom¬ 
position. But in the circulation of the soil constituents these newly formed 
substances are temporarily retained in the Ai horizon. The free acids and 
acid salts that pass beyond Ai react with the mineral constituents of the under¬ 
lying horizon which, because of that, is leached more than the overlying Ai 
horizon. 


THE A 2 HORIZON 

Morphological and chemical characteristics 

In a podzol soil of a loamy texture the A 2 horizon is a component part of the 
horizon of eluviation. It differs from the overlying Ai horizon in being more 
thoroughly podzolized. Its morphological features are: The color is bleached 
ash-gray to whitish gray changing to a brownish tinge at the bottom. The 
average thickness of this horizon in a loamy soil is 14 to 16 cm. Structurally 
this horizon varies little from the horizon above, being loose and powdery when 
dry, smeary when wet, with little pore space, blending into a platy structure 
at the junction with the underlying horizon, sometimes with granules of ort- 
stein or concretions. 

None of the morphological features of the A 2 horizon are more pronounced 
than the bleached ash-gray color. It is this striking color that makes horizon 
A 2 the outstanding characteristic horizon in the podzol profile. As to the 
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source of the color there seems to be a general agreement that it is due to the 
Si 02 which separates out from the decomposed kaolin and coats the soil parti¬ 
cles. This process, as pointed out in the discussion on the Si02 content in the 
Ai horizon, is intimately connected with the activity of the reaction products 
of the Ao layer. But in Ai the color is less pronounced because the humus 
complexes, being dark in color, obscure the color effects of the white Si 02 . 
In the Aa horizon the prevailing organic matter complexes belong to the color¬ 
less ‘^crenic’’ acid type as pointed out by Williams (10). 

Chemically A 2 may be looked upon as an accentuated condition of Ai. 
It is lower in base exchange capacity than Ai, more unsaturated, usually lower 
in Ca and sesquioxides and higher in Si02. In a true podzol loamy soil the 
Si02 penetrates in tongue-like fashion into the underlying horizon B as shown 
in plate 1 reproduced from Zakharov (11). 

As in Ai there is no evidence of the characteristic morphological features 
of a podzol in the A 2 horizon of the soils investigated. It is true that the A 2 
is slightly lighter in color than Ai, but it is due not to the Si02 coating, but 
to the lower humus content. 

An analysis of the chemical data on the constituents of A 2 as given in table 4 
shows that in some respects this horizon exhibits the chemical properties of 
podzolized soils. 


Base exchange capacity and unsaturation 

A graphic illustration of the tendencies of the base exchange capacity of the 
soils investigated as compared with that of a true podzol on a heavy loam as 
reported by Rod^ (6) is given in figure 1. It will be noted that the base ex¬ 
change capacity of this horizon is lower than that of Ai, which is in agreement 
with the general chemical features of a podzol. The tendency of the curves 
of the soils investigated is to follow the curve of the true podzol up to A 2 . 
After that the curves depart from the tendency of the curve of the true podzol. 
This shows that the soils are podzolized to some degree, but that they are not 
true podzols. 

The percentage of unsaturation of A® in two of the soil series—Chester and 
Washington—runs true to form as in podzols, that is, it is higher in this horizon 
than in any other. It is also high in the Sassafras series, but not higher than 
Ai, but higher than in any of the other horizons. In the Penn series the same 
tendency may be noted, even though it is not a true climatogenic soil. Thus 
the unsaturation of A 2 furnishes chemical evidence of the podzolized state 
of the soils investigated. 

At this point it is worthy of note that the pH of the water extract of the soil 
material from A 2 is as a rule lower than in any other horizon. The highly 
unsaturated condition of tMs horizon is suggestive in this connection. The 
total acidity as measured by the milligram equivalents of hydrogen is low in 
A® when compared with the other horizons. This indicates a low buffer 
capacity. 
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SiOi 

The figures in table 4 show that in comparison with the C horizon there is 
an accumulation of silica in the A 2 horizon. In the Chester and Sassafras 
series the Si 02 content is higher than in any other horizon. This property is 
true for genuine podzols, except that it is more sharply defined, i,e. the differ¬ 
ence between the Si 02 content of the A 2 and any other horizon is greater than 
in the soils under consideration. 



Fig. 1, Base Exchange Capacity or Sassafras, Penn, Chester, and Washington 
Soils, and of a Loam Podzol 

Calcium and magnesium 

What has been said about the bases Ca and Mg in connection with the 
description of Ai holds true also for A 2 . As long as A 2 is not completely 
podzolized—and hence leached—the base content will depend on the amount 
supplied by the Ao horizon. From the data in table 4 it is clear that the Ca 
and Mg are high in A 2 (even higher than in Ai, except in the Washington 
series), a property contrary to the podzolized state of A 3 in a true po^ol. 
It is an indication of the weakly podzolized condition of the soils investigated. 

Iron and aluminum 

The data in table 4 on the sesquioxide content of A 2 do not bring out dearly 
the fact that these soils are podzolized. Instead of being lower than in Ai 
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the sesquioxides are higher. And yet they are lower than in C—the parent 
material. From what has been said about the circulation of the sesquioxides 
in the soil profile (see section: “The Ai horizon/’ iron and aluminum), the 
comparative values for A 2 and C do indicate a certain degree of podzolization. 

THE B HORIZON 

Morphological aitd chemical characteristics 

The distinctive feature of the B horizon is that it is accumulative in charac¬ 
ter. It is known as the horizon of illuvation (washing in) in contrast to the A 
horizon known as the horizon of eluviation (washing out). The soil consti¬ 
tuents which leach out from A are partly retained by the B horizon. This 
horizon is also enriched with the fine particles—-mineral and organic—^from the 
overlying A horizon by mechanical movement. It seems as if the B horizon 
were destined by the natural forces of soil formation to protect the soil body 
from being destroyed. By virtue of its accumulative properties this horizon 
becomes the storehouse from which the plant roots extract mineral nutrients 
and send them to the stems and leaves, which furnish the material for the Ao 
layer—the starting point of the circulatory system of minerals and other 
substances in the process of soil formation. All of these facts leave a definite 
impression on the morphological, physical, and chemical features of this horizon. 

In a loam podzol the accumulative horizon is divided into two subhorizons: 
Bi and B 2 which are recognized as independent horizons because of variations 
in their morphological, physical, and chemical properties. 

In plate 1 the Bi and B 2 horizons axe distinctly featured. 

Bi is usually 30-40 cm. deep, of a dull brownish coloration with some light 
and some dark streaks or veins, pocket-like on top and extending deeper in 
tongue-shaped fashion. The light colored markings are due to the accumula¬ 
tion of some of the podzolized material which moved into this horizon from the 
overlying A 2 horizon. The dark streaks represent the humus materials from 
Ao and Ai which pass in the sol state through A 2 and precipitate with the sols of 
iron, aluminum, and manganese by virtue of the higher concentration of elec¬ 
trolytes in this horizon and probably also as a result of the mutual coagulation 
effects of the oppositely charged colloids. (The Si02 and humus are negatively 
charged, whereas the iron and aluminum are, at the reaction existing in this 
horizon, positively charged.) 

Because of the infiltration of materials from above, the B horizon is compact 
and heavy. It attains a more loamy texture, becomes sticky, and at the top 
begins to show signs of laminated or platy structure. With depth this structure 
becomes more apparent and toward the bottom this horizon exhibits a nutty 
and prismatic structure. 

B 2 begins just below the prismatic structure and extends to a depth of about 
30 to 40 cm. As a part of the accumulative horizon B 2 has properties similar to 
Br, but it is poorer in organic matter and perhaps for that reason it is of a lighter 
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brownish coloration. It has fewer if any veins of the bleached material from 
A 2 . At the bottom this horizon becomes lighter in texture, is not so compact 
and blends in with horizon C, the parent material. 

It is to be noted that both Bi and B 2 have the coatings of Si02, humus, man¬ 
ganese, and sesquioxides on the faces of the structural units, along the root 
paths and cracks. Infrequently, especially in lighter soils, orterde, ortstein, 
and concretions form along these cracks. 

Chemically the B horizon is distinguished by the lower (when compared 
with the other horizons) Si 02 content, high sesquioxide content, increase in 
bases and in capacity for base-exchange, and lower unsaturation (when com¬ 
pared with A 2 ). Bi, as a rule, has a higher organic matter content than A 2 . 

In the data in table 4, one might find, on the one hand, enough evidence of 
genuine podzol properties in the soils investigated and, on the other hand, 
chemical characteristics which show no, or only slight, podzolization. From 
the standpoint of morphological attributes one may note that only in one case— 
the Chester series—^was it possible to differentiate two horizons (Bi and B 2 ) 
in the horizon of accumulation, which indicates an immature profile*, hence 
these soils are not true podzols. 

Base exchange capacity and unsaturation 

In the soils investigated the base exchange capacity of the B horizon has 
increased as compared with A 2 , showing that some of the colloidal substances 
from the overlying horizons did move downward and stopped at the B horizon. 
It is to be remembered that the movement of the colloids, in which by the way, 
the base exchange capacity is high, is a true indication of the podzol zonal type 
of soil formation. The tendencies of the base exchange capacity are brought 
out with more clarity in figure 1. The base exchange capacity is high in Ao, 
decreasing in Ai and continuing to decrease in A 2 , and increasing again in B. 
The base exchange capacity of B is as a rule higher than that of C, except where 
that of the parent material is originally very high, as in the soil represented by 
curve 5, which has varved clay as the parent material. 

True to form, the percentage of unsaturation in B is lower than that in any 
of the other horizons. This would indicate that the alkaline earth bases and 
probably potassium are present in the exchange complex. 

Si(h 

Since very small quantities of the silicates are being attacked in the B horizon 
there is no free SiOz accumulating in it aside from the amorphous Si 02 from the 
overlying horizons. Besides, it is enriched with iron, aluminum, and other col¬ 
loidal complexes. All of that is inducive to a relative lowering of the total 
SiOa. The data in table 4 on the SiQ 2 content of the B horizon show this to 
be the case with the soils investigated. 
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Calcium and magnesium 

In a true podzol the content of alkaline earth bases increases in the B horizon. 
As the humus sols move through the horizon of eluviation in an acid medium 
and reach the B horizon which is less acid, they precipitate and probably fix 
the alkaline earth bases and sesquioxides. It is known from the work of 
Mattson (3) that the colloidal humus complexes have a definite isoelectric 
point of precipitation which depends on the pH of the dispersion medium and 
on the presence of electrolytes. In podzol soils the conditions in the B horizon 
seem to be favorable—^probably the proper pH and electrolyte content—^for 
isoelectric precipitation of the humus sols with the bases and sesquioxides. 
That this condition has not been reached in the soils investigated may be judged 
from the data in table 4 on the Ca and Mg content of the B horizon. It is 
lower than in Ai or even A 2 , which shows that these soils are only in the early 
stages of podzohzation. Whether they will ever become thoroughly podzolized 
is another question which needs further investigation. As it is, the alkaline 
earth bases in these soils seem to become tied up and fixed in the horizon 
of eluviation, as pointed out in the discussion on the Ai horizon. 

Iron and aluminum 

It has been mentioned that the translocation and distribution of sesquioxides 
in the soil profile may serve as one of the best attributes of the state of podzoliza- 
tion of the soil. Very little of the iron and still less of the aluminum is returned 
to the Ao horizon to go again into circulation through the soil body. As a result 
of that the sesquioxides accumulate in the B horizon and, even in the early 
stages of podzohzation, an increase in these may be noted. They may be 
found in combination with the humus or as gels which infrequently are trans¬ 
formed into definite minerals such as gibbsite and limonite. They serve as 
cementing materials in the process of orterde or orstein formation. The work 
of Lundblad to which reference has been made (2) shows that in the B horizon 
of podzols there is a higher amount of gel than in any other horizon. This has 
also been proved earlier by Gemmerling, whose work has been quoted in an 
earlier paper (2). 

From the data in table 4 on the sesquioxide content of the soils investigated, 
it is clear that we are dealing with distinctly podzolic soils, but the accumula¬ 
tion does not warrant their classification with the true podzols. 

Phosphorus and manganese in the profile 

No significant facts are brought out by the data on the Mn content of the 
various horizons. As a negative colloid Mn should undergo the reactions simi¬ 
lar to humus, which is also negatively charged, provided both of them have the 
same isoelectric point of precipitation. It has been shown by XJdulft (8) that 
these two colloids behave alike toward carbonates and bicarbonates. 

Phosphorus is one of the very immobile anions in the soil, but in the podzols 
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there is usually an accumulation in the Ao and B horizons. In the former it 
apparently exists in the organic forms whereas in the latter it is jBxed by the 


f^r CP fit 



R[G. 2, Sesquioxedes op Sassapkas, Penn, Chester, and Washington Soils 
PprC€/jf 



bases and sesquioxides. In the soils investigated it may be noted that the 
P^Qs content is invariably high in the Ao, but only indications of accumulation 
may be noted in the B horizon. 
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DISCUSSION 

A survey of the chemical constituents in the profiles of the soils investigated 
clearly shows that the more t 3 ^ical reactions which occur in a podzol are to 
some degree apparent in these soils. Especially is this true for the values of 
base exchange capacity, sesquioxides, silica, and unsaturation. 



In genuine podzols the base exchange capacity is high in the Ao, decreases 
abruptly in Ai, is still lower in A 2 , and increases again in the B horizon. This 
brought out in figure 1. The accumulation of the colloidal material in the 
horizon is responsible for the increase in this property. Curves i to 4 show no 
sharp differences in the base exchange capacity of the horizons in the soils inves¬ 
tigated, which is not true, however, for a genuine podzol as shown in curve 5. 


td B5- 
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This indicates that the soils investigated are weakly podzolized. The sesqui- 
oxides are low in the Aq, are not much lower and are sometimes even higher in 
Ai and Aa, and are a good deal higher in B. Only in the Chester and Washing¬ 
ton soils does this tendency seem to hold, as brought out in figure 2. 

In figure 3 the distribution of the SiOa in the profiles of the soils is presented. 
True to form all soils show an increase in SiOa in the As horizon and a decrease 
in the B horizon. Again the Chester and Washington soils indicate a state of 
higher degree of podzolization than the other two soils. And still there is no 
visible (morphological) evidence of podzolization. 

In figure 4 the percentage of unsaturation in the various horizons of the soil 
profiles investigated is presented. It will be noted that the general tendency 
of the property of unsaturation is to be lower in Ao than in Ai, increasing up to 
A 2 , and decreasing in B. The degree of unsaturation depends primarily on the 
reserve of bases furnished by Ao and on the amount of acids persisting in Ao. 
It is known that the organic adds—as intermediate products—^produced in the 
decomposition of conifer litter are more resistant to complete decomposition 
(mineralization) than the intermediate products of hardwood or grass litter. 
One would therefore expect a higher unsaturation in conifer litter than in hard¬ 
wood litter. These considerations may explain the peculiar behavior of curve 2 
(the Penn series). This particular soil is endodynamomorphic in nature and 
therefore may not, because of that, follow in every detail the properties of a 
true cUmatogenic soil; but as far as the unsaturation is concerned, we need not 
fall back on its endodynamomorphic nature. It might be explained on the basis 
of the flora on this soil; it sustains a conifer stand (the other soils have the 
hardwoods) and perhaps the nature of the litter is responsible for the high 
unsaturation of Ao. 


summahy 

The morphological and chemical features of the horizons in a typical loam 
podzol profile have been surveyed, illustrated, and presented. 

A discussion of unsaturation as related to parent materials and vegetation 
with some data on the ash content of a number of species of forest trees brings 
out the facts about the speed of podzolization under various plant covers. 

The soils for which chemical data are presented show evidence of podzoliza¬ 
tion; this is illustrated by an analysis of the various chemical indexes which 
serve as criteria for the d^ee of podzolization. 

On the basis of the data in tables and figures a discussion is presented for 
each horizon individually, covering the properties of unsaturation, base ex¬ 
change capacity, sesquioxide, Si 02 and alkaline earth base content. 

The distribution of PjOs and manganese through the profile is also discussed 
on the basis of data presented. 

From the data presented it is dear that the soils investigated are podzolized 
to a certain degree; they are what some like to call “podzolic soils.” 
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PLATE 1 

A Typical Loam Podzol Profile 
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BOOK REVIEW 


Principles of Soil Microbiology, second edition, thorouglily revised- By 
Selman a. Waksman, Professor of Soil Microbiology, Rutgers University, 
and Microbiologist of the New Jersey Agricultural Experiment Stations. 
The Williams & Wilkins Company, Baltimore, 1932. Pp. xxviii + 894, 
pi. 15, figs. 83. 

The subject matter is treated in much the same manner in both the first 
edition^ and this second edition. However, anany changes have been made in 
addition to the incorporation of new material which has appeared since the 
publication of the first edition. In the preface the author states: 

.... A number of chapters have been entirely rewritten, especially those dealing with 
the mycorrhiza fungi and the soil as a medium for plant and anima.! parasites. A number of 
new chapters have been added, dealing with the r6le of micro5rganisms in the decomposifion 
of organic matter in green manures and stable manures, in the formation and decomposition 
of peat and forest soils, and with the relation between plant growth and the activities of 
microSrganisms in soil. To avoid any considerable increase m the size of the book a certain 
amotmt of condensation became necessary so as to balance the added material. This was 
accomplished by leaving out some of the text which did not bear directly upon the subject 
under consideration. Several chapters have been combined so as to avoid unnecessary 
duplication. 

It is unfortunate that, in order to conserve space, it was also necessary to 
leave out the titles of papers in the references. 

The following indicates the nature of some of the changes: 



rzxsT SDmoH 

SECOND EDITION 

Total pages.. 

xxviii + 897 
843 

xxviii + 894 
829 

Text pages... 

Chapters.... 

32 

34 

Chapters eliminated or combined with other chapters... 
Chapters added by expanding original material. 

4 

6 

Figures. 

77 

83 

Tables... 

119 

127 

Plates. 

19 

IS 

Figures in plates... 

154 

152 

Books listed for reference. 

204 

216 

References in text. 

3,210 

4,248 



Although these figures do not indicate the large number of changes in repro¬ 
ductions, tables, and text it is quite apparent from the numbers of references 

* For review of the first edition see Soil ScL 23 (1927): 494-495. 
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that, even though the two books are practically identical in size, much material 
has been added in the new edition. 

To those famdliar with the first edition it seems suflSicient to state that the 
new edition will be a valuable complement to it. 


Robert L. Starkey. 



A NEW TYPE OF HYDROMETER FOR THE MECHANICAL 
ANALYSIS OF SOILS 

AMAR NATH PUKP 
Irrigation Sesearch Laboratory, Lahore, India 
Kecaved for publication October 29, 1931 

Bouyoucos, in a series of papers (1, 2, 3), has discussed the development of 
his hydrometer method for the mechanical analysis of soils Apart from the 
serious criticism to which the method has been subjected by Keen (6), Bou¬ 
youcos’ own comparison of the results obtained by his method and those by 
the standard mechanical analysis method, do not show a good agreement (2). 
Out of the 30 soils examined, only 16 showed a fair agreement in the percent¬ 
ages of silt and clay or colloids. The serious discrepancy in the rest of the 
soils has been explained by supposing that the standard mechanical analysis 
method classes jSne silt along with coarse silt, and the hydrometer method with 
the clay. All the same the disagreement is there, and no amount of agrument 
as to the utility (from the practical point of view) of including j&ne silt in clay, 
can alter the fact that the hydrometer method, in its present form, cannot 
give the mechanical analysis of soils as we know it. It might give a set of 
values which might prove useful in characterizing the bdiavior of soils in the 
field, but, as such, it must be considered as an empirical method for determin¬ 
ing one of the many ‘‘single value” constants of a soil, and should not be con¬ 
fused with the mechanical analysis, which carries with it a definite physical 
meaning: i.e., a set of values giving percentages of particles of certain well- 
defined sizes or settling velocities, and aU methods for its determination must 
give essentially the same results. 

The hydrometer method possesses an attractive simplicity, but it lacks the 
precision of theory and experiment associated with the science of pure physics. 
The insistance of the author on adhering to a set of arbitrarily fixed conditions, 
shows by itself that the method possesses no fundamental basis. Nor has its 
value, even as an empirical method been proved beyond dispute, because it 
has not been shown to give results comparable with that of any other standard 
method of mechanical analysis, and unless we are prepared to discard all the 
mass of data already collected, and accept a new and arbitrary basis for the 
grouping of soil particles (not according to size), the hydrometer method, as it 

1 This work was carried out by the hdp of a grant from the Imperial Council of Agricul¬ 
tural Research, and the writer takes this opportunity of recording his indebtedness to the 
Council. Acknowledgments are also due to the Department of Agriculture, Punjab, for the 
loan of apparatus and other facilities for work. 
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stands, will not commend itself to the majority of soil scientists. In the modi¬ 
fied form discussed in this paper, an attempt has been made to produce an in¬ 
strument of precision, which might possess all the advantages of simplicity, 
accuracy, and reproducibility, and at the same time should have some funda- 



Fio. 1. Curves Showing Density Gradient in a Sedimenting Column at Dieeerent 

Intervals oe Time 


mental basis for its working, so that the necessity of working with a particular 
instrument, with rigidly defined specifications, is obviated. 

The successful working of the hydrometer described here, depends upon the 
fact that the gradient of increasing d^ity, in the suspension of a sedimenting 
column, becomes less and less steep as we go from top to bottom. In other 
words, the average density of a column of suspension, the length of which is 
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small compared with the total depth of the sedimenting column, may be 
without serious error as the density of its middle point. This is illustrated in 
figure 1, in which the density of suspension in a settling coluann (from top to 
bottom) at different intervals of time from the beginning of sedimentation, is 



Fig, 2. Diagram or the New Type op Hydrometer and Reading Device 

plotted against depth. The density in every case is expressed as percentage of 
the original density at the beginning of sedimentation, or the ordinates may be 
supposed to be the percentages of particles in suspension, the original con¬ 
centration being taken as loo. The curves refer to soil P.C. 1 (table 1), and 
have been calculated from the summation curve obtained by the pipette 
method. It will be seen that there is a rapid decrease in density for the first 
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20-30 cm., after which the change is comparatively small. The main defect 
in Bouyoucos’ hydrometer is that it records density changes in a region of 
steep density gradient, and from the nature of the curves in figure 1, the mag¬ 
nitude of error can be comprehended easily. 

The new hydrometer shown in figure 2, consists of a wide, but short, bulb 
(8-10 cm. long) and a thin, long stem (about 0.4 cm. in diameter, and 60-70 
cm. long). It therefore, records density changes in a column 8-10 cm. long, 
and situated at a distance of 50-60 cm. from the top. The settling depth is 
counted from the top of the sedimenting column to the mean position of the 
middle point of the hydrometer bulb. Another modification in the hydro¬ 
meter technique is the arrangement for taking readings. The ordinary 
method of inserting a paper scale in the stem, is not very accurate, and an error 
of a few millimeters in the readings might be easily made, as a result of the 
water surface not providing a sharp line of reference. In this case the tip of 
an ordinary pin attached to a thin brass cap fitting on the top of the hydrome¬ 
ter stem, forms the reference point, and the readings are taken against the gradu¬ 
ations on a burette tube, held in a special clamp. The mouth of the burette 
tube is closed with a brass cap having a hole in the middle through which the 
hydrometer stem is passed. The edges of the hole are sharpened to prevent 
friction that might hinder the free movement of the hydrometer. All that is 
necessary is to tap the burette tube gently before taking a reading. This 
brass cap has also a pin attached to it which is required for fixing the position 
of the burette tube with respect to the water surface. The tube is gradually 
lowered till the pm point just makes contact with the water surface. The 
burette tube is held in brass clamps, which keep it in position, at the same time 
allowing it to be pushed up or down. The brass clamps are fixed to an iron 
rod attached to an iron cap that can cover the top of the sedimenting cylinder, 
and has a hole in the middle to allow the free movement of the burette tube. 
This simple device enables one to take hydrometer readings within a fraction 
of a millimeter, and does away with the necessity of having a paper scale in¬ 
side the stem. To avoid parallax the graduations on the burette tube should 
be all roimd the circumference as in the Charlottenburg t 3 q)e. 

Since the excess of density of the suspension over that of water is propor¬ 
tional to the concentration, direct determinations of the variations with time 
of the density of the suspension at the mean resting point of the hydrometer 
would provide data similar in type to those obtained in the pipette method of 
mechanical analysis and if the foregoing assumption is reasonably correct, the 
two methods should give closely agreeing values. 

EXPERIMENTAL 

The most important point to be considered in any method of mechanical 
analysis is the preliminary treatment to which the soil must be subjected to 
bring about the maximum dispersion, for anything short of that would be 
arbitrary and unsatisfactory. Mere shaking, rubbing, or boiling has been 
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proved ineffective; on the other hand, treatment with dilute HCl and H 2 O 2 
(International method) is too drastic. As the result of a study of factors in¬ 
fluencing the dispersion of soil colloids in water (8), the writer has been able 
to enunciate two broad generalizations: 

1. AU soils containing only Na as the exchangeable ion (colloids as Na saloid) 
in the absence of flocculating agents, are completely dispersed on coming in 
contact with water. They are completely reversible and can be dried and 
brought into suspension as many times as one likes without any shaking. They 
show the property of “auto-disintegration,” i.e. they would go into suspension 
as a lump of sugar or salt would go into solution. 

2. The foregoing condition is not satisfied until the neutralization of the 
acidoid is carried to pH 8.5. 

These two principles form the basis of the (NaCl-NaOH) method developed 
by the author and discussed elsewhere (7). For fuller details and discussion 
of results the original paper should be consulted. The following outline, how¬ 
ever, contains aU the essential features: 

Ten to twenty grams of soil are left in contact with 100-200 cc. of N NaCl for about an 
hour with occasional stirring. The suspension is then filtered and washed with about 500 
cc. of the same solution on the filter paper. It is finally washed with a few cubic centimeter 
of 0.1 N NaCl solution, and when all of it has been drained off the remaining quantity is dis¬ 
placed with 10-20 cc. of water, and 0.1 N NaOH is gradually run in till it is alkaline to phe- 
nolphthalein (used as an external indicator, or by putting a drop of the indicator directly on 
the suspension). The suspension is then mechanically shaken for one hour or left for five to 
six hours with occasional shaking. Mechanical shaking or rubbing with a rubber pestle seems 
to be essential for certain red soils. For all other soils it could be dispensed with. 

It is not necessary to use pure NaCl for r^lacement: sodium chloride containing not more 
than 1 per cent of calcium or magnesium salts is equally effective and can be easily prepared 
from ordinary common salt by adding NaaCOj, when the bulk of calcium and megnesium salts 
are precipitated. Finally the excess of Na^COs is just neutralized by adding dilute HCl. 
The details of the method can be varied to suit individual taste; what is required is to replace 
aU or at least a greater part of the exchangeable ions by sodium in the day complex. 

The method of dispersion outlined was used for comparing the hydrometer 
and the pipette method, 2 per cent suspension being used in every case. Thir¬ 
teen soik were used for the purpose. These were selected out of 48 samples 
with the object of having those soils which showed the greatest difference in 
their mechanical composition. The comparison, therefore, is even more rigid 
than would appear from the actual number of samples used. Two hydrometers 
were used, which will be referred to as No. I and No. II The bulb of the 
former was 9 cm. long and had a volume of SS cc.; the latter had a bulb 6 cm. 
long and a volume of 74 cc. Both had a mean resting position 50 cm. below 
the surface. 

The results given in table 1 show a very good agreement between the pipette 
and the hydrometer method. There is some discrepancy in the case of very 
coarse fractions in certain soils, but the reliability of the pipette method for 
particles of a limiting diameter above 0.04 mm. is questionable, for the time 
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TABLE 1 


Mechanical analyse/^ of soils by the hydrometer as well as the pipette method 
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taken up in actually pipetting out a sample is large as compared to the settling 
velocity of the particles and it is much more likely that the hydrometer might 
give more reliable values in the case of such fractions. It must be admitted, 
however, that some disturbance in the settling particles due to the presence 
of the hydrometer is inevitable (4), and the low values obtained in certain 
cases may be partly due to that. Some error is also possible on account of the 
settling of the particles on the hydrometer itself tending to make it sink lower; 
but curiously enough the disturbance due to this cause is very little if the 
(NaCl-NaOH) pretreatment is used for dispersion; somehow the particles are 
rendered more slippery and less likely to lodge on the hydrometer. Soils 
merely shaken with water showed greater disturbance due to this cause. 

The making and filling of the hydrometer is not dfficult and a person pos¬ 
sessing moderate skill in glass blowing can complete one in about three hours. 
The calibration is done by the help of a soil of known mechanical composition; 
a 2 per cent suspension of such a soil can be kept for this purpose. 

Since the reading of the hydrometer in water must vary with the tempera¬ 
ture, the sedimenting cylinder is kept in a water bath, through which water 
from the tap is kept flowing. This is quite sufficient to keep the temperature 
reasonably constant and no thermostat is necessary. The zero of the instru¬ 
ment, i.e. the reading in water, is taken just before starting the measurement 
by the help of a cylinder containing water and kept in the same tank. Or 
this can be ascertained once for all by taking readings with water at different 
temperatures and working out the change in the hydrometer reading per unit 
change in temperature. 

The sedimentation cylinder can be made from a wide glass tube (about 6-7 
cm. diameter) and dosed at one end. The settling velodty corresponding to 
different fractions is adjusted at the working temperature by the help of the 
table given by Puri and Amin (9) or calculated from the nomographs given by 
Crowtier (S). It is to be remembered that during sedimentation tiie hydrome¬ 
ter also moves downward for about 5-6 cm. in a 2 per cent suspension but no 
serious error is introduced if the mean position of the middle point is taken as 
the baais for computing settling times. Of course, if the summation percent¬ 
ages are plotted against settling velocities (®), then the position of the hydrome¬ 
ter can be ascertained at any time during sedimentation and v calculated 
therefrom. 

Half a dozen hydrometers can be convenientiy handled for routine work and 
should prove the quickest means of mechanical analysis, giving directly the 
summation percentage curves for soils; the results being directly comparable 
to the pipette method. 

SXTMMARY 

A new type of hydrometer for the mechanical analysis of soils has been 
described. It consists of a short bulb (6-8 cm. long) and a long, thin stem 
(50-60 cm. long). The readings are taken with a special device acctirate to 
the fraction of a millimeter. 
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The new hydrometer gives results closely agreeing with the standard pipette 
method and can replace the latter for routine mechanical analysis of soils 
effecting a great saving in time and labor. 
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REPLACEABLE BASES IN THE SOILS OF SOUTHEASTERN MINN¬ 
ESOTA AND THE EFFECT OF LIME UPON THEM' 

C. O. ROST AND JEAN M. ZETTERBERG 
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Received for publication October 31, 1931 

This paper reports a study of the base capacity, the degree of unsaturation 
and the effect of different amounts of lime on it, and the relation of the degree 
of unsaturation to the hydrogen-ion concentration of the soils of southeastern 
Minnesota. 


EXPERIMENTAL 
Sdectim of methods 

To determine the replaceable base the soil is either leached, or first treated 
with a preliminary solution and then leached, with some cation in solution until 
replacement ceases. Then the amounts of base removed in the leachate are 
determined by the usual quantitative methods. This may be, and in some 
cases is, checked by replacing the first base by a second and similar treatment 
with a different base or, in cases where ammonium chloride has been used, by 
the determination of the nitrogen. Gedroiz (5) first used ammonium chloride 
and large samples but later developed a method (6) in which he used hydrochlo¬ 
ric acid and relatively small samples. Hissink (9) has used barium hydroxide 
and barium chloride to determine not only the replaceable base but also the 
exchange capacity. Kappen (13) has suggested hydrochloric acid to deter¬ 
mine the base content. Lately Kelley and Brown (14), working on exchange 
capacity, have used barium hydroxide, ammonium chloride, and barium 
chloride. 

Because of the conflicting evidence of different investigators in the use of 
the various methods it appeared desirable first to compare the results obtained 
by two of the methods on the same soils. The earlier methods of Gedroiz 
(5) were rejected as being too long and tedious since the large bulk of the leach¬ 
ate made accurate analysis dfficult. The later method developed by him (6) 
was compared with a method suggested by Parker (20). 

In the Parker method for exchange capacity 10 gm. of soil are treated at 
room temperature with 100 cc. of 0.1 N Ba (OH) 2 , for a period of 16 to 18 hours. 
The suspension is then filtered by suction in a Gooch crucible. After all of 
the soil has been transferred to the crucible it is leached with 250 cc. of neutral 

^ Contribution from the division of soils and published with the approval of the director of 
the Minnesota Agricultural Esperiment Station as paper 1051 of the Journal Series. 
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N NH^tCL The soil and crucible are then washed with ethyl alcohol until 
free of chlorides, the soil is transferred to a Kjeldahl flask, and the NH 4 is 
determined by distillation with MgO. 

For the determination of the replaceable base content, S or 10 gm. of soil 
are placed in a Gooch crucible and leached with 250 cc. of neutral N BaCl 2 . 
The leachings are titrated with 0.1 iV' Ba (OH )2 to determine the amount of 
hydrogen replaced by the barium, phenolphthalein being used as indicator. 
The soil is then leached with N NH4CI imtil the leachings give no test for ba¬ 
rium. Barium in the NH4CI leaching is determined as BaS 04 . Expressed 
in chemical equivalents, the amoxmt of barium absorbed minus the hydrogen 
replaced gives the replaceable base content of the original soil. The replace¬ 
able hydrogen is considered to be the difference between the exchange capacity 
of the soil and the content of replaceable bases in the soil. 

Gedroiz has suggested the use of 0.05 N HCl as a substitute for the normal 
ammonium chloride method. The hydrogen ion replaces the bases from the 
soil with little effect upon the bases not in the soil complex. The procedure 
is as follows: 15-50 gm. of soil are mixed with about 50-100 cc. of 0.05 N HCL 
The soil is brought on to a filter and leached until there is a complete substitu¬ 
tion of calcium. If the soil does not contain large amounts of alkaline earth 
carbonates 500 to 2,000 cc. of filtrate may be expected, depending upon the 
percentage of zeolitic bases in the soil. Several cubic centimeters of concen¬ 
trated nitric acid are added to destroy the organic matter, the solution is 
evaporated to drjmess, and the residue is heated for an hour at 125®C. to render 
the silica insoluble. The residue is treated with hydrochloric acid and filtered. 
An aliquot is used for the determination of Ca and Mg, and another for Na 
and K. It must be remembered that a solution of 0.05 N HCl extracts some 
iron and aluminum from the soil and that these must be removed before the 
calcium and magnesium are determined ( 6 ). 

In the calculation of the replaceable bases by this method the iron and alu¬ 
minum were not included, as Gedroiz points out that the hydrolytic effects 
from the hydrochloric acid are too great to allow a reasonable estimation of 
these elements, which have at best only a doubtful claim to true replaceable 
form. Nor have we attempted to determine the potassium and sodium, since 
the preliminary work upon the samples indicated that the amount in exchange¬ 
able form in these soils is insignificant. 

The total hydrogen or unsaturation was determined by means of a method 
proposed by Dr. Richard Bradfield, as yet unpublished, in which it is assumed 
that an amount of base equal to the hydrogen present in the base complex can 
be replaced by a buffer solution of 0.01 N NH 4 OH using N NH 4 CI as the di¬ 
luent. It is comparatively simple and rapid and it is possible to handle a 
large number of samples at one time. The method in detail is as follows: 2 
gm. of soil is treated with 100 cc. of the 0.01 N NH 4 OH—AT NBUQ buffer and 
shaken, the suspension allowed to stand over night, and then 50 cc. siphoned 
off. This is titrated with 0.01 N HCl, an alcoholic solution of methyl red 
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being used as indicator. The titration is carried to a point just below the 
violet red. The difference between the number of cubic centimeters of acid 
used and the original SO cc. of base is equal to the milliequivalents of hydrogen 
present. 

The hydrogen-ion concentration was determined electrometrically by means 
of a potentiometer using a hydrogen electrode. Air-dried samples, the moisture 
content of which is shown in table 2, were used in all determinations of replace¬ 
able base, replaceable hydrogen, and hydrogen ions. 

Comparison of restdts by different methods 

The data on three soils using the above methods for replaceable bases and 
base capacity are presented in table 1. It will be seen that very similar re¬ 
sults were obtained by the different methods. The replaceable base as de¬ 
termined by the Parker and Gedroiz methods agreed closely. The latter 
provides a simpler and more rapid means of determining the replaceable bases 
and is as exact. The Bradfield method for the determination of hydrogen 
gave results slightly lower than the Parker method but ranks the soils in the 


TABLE 1 

Milliequivalents of replaceable bases in three soils as determined by different methods 


son. 




HYDROGEN BY 
BRADRZELD ICEIHOD 

19039 

20 



8 3 


16 



13 0 

19811 

13 

■QyH 


7 4 


same order. Because of their convenience and their rapidity the Gedroiz 
and Bradfield methods were used throughout the work in this study. 

Soils used 

The soils used in this investigation were taken from 28 fields in southeastern 
Minnesota upon which the University of Minnesota has conducted liming 
experiments. The fields were widely distributed and represented soil t 3 q>es 
in a triangular area 125 miles long and 90 miles wide at its widest part (fig. 1). 

On five experimental fields, designated as E 1, E 2, E 3, E 4, and E 5, the 
liming experiments were detailed and included liming at rates varying from 
1 to 8 tons an acre of finely ground limestone. On these, composite samples 
from the plots receiving 1, 2, 3,4, and 8 tons of finely ground limestone as well 
as those from untreated plots were studied. The lime on all except E 5 had 
been applied in 1921, and on E 5, in 1920, a year earlier. The samples were 
collected in 1926, 5 years after the lime ^d been applied. The treatments 
were in triplicate and the samples used for analjrsis were composites taken from 
the three plots receiving the same treatment. They were taken in 6-mch 
sections from the surface to a depth of 3 feet. 
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On the 23 demonstration fields, designated by the letters 0, D, and L, only 
one rate of liming, in most cases 4 tons, was used and only samples from the 
untreated portion of the fields were studied. The samples were composites 
from several borings and represented the first and second 6-inch sections and 
the second foot. The lime was applied in 1924 and the samples were taken 
2 years later. 



Fro. 1. Map op Southeastern Minnesota Showing the Location op the 28 
FcEins PROM Which Soil Samples were Studied 

The soils of the majority of the fields had been developed upon glacial drift 
or upon outwash left during the recession of the Iowan and Late Wisconsin 
glaciers. The others had been developed upon loess. 

In texture the surface soils vary from loamy sand to silty day loam (table 2). 
The coarsest was the Merrimac loamy sand of field E1, with a moisture equiv¬ 
alent of 3.60. The texture of the subsoils also varied widely. Within the 
same textural class the variations were not so great. With one exception, the 
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texture of the 2-foot profile of each of the fields on outwash is uniform (table 2). 
In the case of 0 4 the second foot is considerably coarser th an the first foot as 


TABLE 2 

TextUTCi reaciioriy and moisture content of air-dry samples from three depths in the 28 fields 


TB3CTUBAI. dASS 


ICOISTXTBE EQCIVAXSNT 

REACTION (l®) 

0-6 

indies 

7-12 

inches 

13-24 

inches 






UOXSTUSE PE2 CENT 


0-6 7-12 13-24 

indies indies inches 


Soils developed on glacial outwash 


E 1 

Loamy sand 

3.6 

3.9 


5.7 

6.3 

6.4 

0.53 

0.55 

0.50 

01 

Loamy sand 

4.0 

S.O 


6.4 

6.2 

6.2 

0.59 

IiMifel 

0.56 

02 

Sandy loam 

13.0 

18,0 

15.0 

5.6 

6.0 

6.0 

1.44 

1.52 

1.55 

03 

Sandy loam 

18.0 

17.0 

15.0 

5.3 

5.9 

6.2 

1.26 

1.28 

1.24 

04 

Sandy loam 

18.0 j 

20.0 

11.0 

5.6 

5.8 

6.0 

1.55 

1.6 

1.12 

OS 

Sandy loam 

20.0 

20.0 

18.0 

5.5 

5.7 

5.8 

1.56 

1.60 

1.57 


Soils developed on loess 


LI 

Silt loam 

24.0 

23.0 

24.0 

6.1 

6.3 

5.9 

1.60 

1.40 

1.52 

L2 

Silt loam 


25.0 

26.0 

6.1 

6.1 

5.9 

1.64 

2.10 

2.65 

E2 

Silt loam 


27.0 

25.0 

5.7 

6.7 

6.3 

2.94 

2.74 

2.95 

L3 

Silt loam 


24.0 

24.0 

6.1 

6.0 

5.7 

1,82 

1.82 

2.32 

L4 

Silt loam 


23.0 

20.0 

5.5 

5.7 

5.5 

2.32 

1.84 

2.17 

L5 

Silt loam 


24.0 

25.0 

6.0 

5.9 

5.5 

1.66 

2.07 

2.39 

L6 

Silt loam 

28.0 

28.0 

28.0 

5.4 

5.6 

5.8 

2.16 

2.38 

2.63 

L7 i 

Silt loam 


27.0 

26.0 

5.5 

5.5 

5.5 

1.95 

1.95 

1.98 

L8 

Silt loam j 

25.0 

27.0 

28.0 ; 

5.4 

5.5 


1.96 

2.05 

1.41 

E3 

Silt loam 

mi 

23.0 

25.0 

5.4 

5.1 


2.65 

2.60 

2.70 

L9 

Silt loam 


27.0 

21.0 

6.8 

6.3 


2.04 

2.03 

2.09 

LIO 

Silt loam 

24.0 

24.0 

14.0 

5.5 

5.6 

5.4 

2.34 

2.28 

1.66 


Soils developed on glacial drift 


D1 

Silt loam 

22.0 

19.0 

18.0 

5.6 

5.7 

5.6 

1.99 

1.06 

1,85 

D2 

Silty clay loam 

25.0 

24.0 

21.0 

5.5 

5.3 

5.2 

2.48 

2.22 

2.17 

1)3 

Silty clay loam 

27.0 

27.0 

16.0 

6.0 

6.0 

6.1 


2.06 

1.75 

D4 

Silty clay loam 

26.0 

25.0 

22.0 


5.5 

5.6 

2.58 

2.18 

1.97 

BS 

Silty clay loam 

33,0 

30,0 

27.0 


5.6 

6.6 

2.94 

2.77 

2.75 

D6 

Silty clay loam 

25.0 

26.0 

25.0 

S.9 

6.1 

6.2 

0.69 

1.63 

2.25 

E4 

Silty clay loam 

31.0 

30.0 

27.0 


5.8 

5.8 

3.40 

3.34 

3.03 

E5 

Silty clay loam 

33.0 

30.0 

26.0 


5.3 

5.5 

3.40 

3.40 

3.16 

B7 

Silty clay loam 

33.0 

31.0 

27.0 

5.6 

5.8 

5.9 

2.52 

2.50 

2.28 

B8 

Silty clay bam 

34.0 

27.0 

25.0 

6.8 

7.0 

7.5 

4.13 

3.53 

2.75 


diown by a moisture equivalent of 11 as compared to 18 and 20 for the 0-6 and 
7-12 inch layers. 

The soils developed on glacial drift had as a rule a subsoil somewhat lifter 
than the sturface 6 inches (table 2). With soils developed on loess the subsoil 
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TABLE 3 



* ixLe. in this and subsequent tables indicates milliequivalents per 100 gm. soil 
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TABL£ Z—CoHduded 


DEPTH 

GLACIAL OUTWASH 

LOESS 

GLACIAL DEZFT 

Field 

Moisture 

equiv- 

aient 

Exchange 

capadly 

Fidd 

Moisture 

equiv¬ 

alent 

Exchange 

capacity 

Field 

Moisture 

equiv¬ 

alent 

Exchange 

capacity 

inches 









f».e. 

0-6 


.... 

.... 


24.0 

31.2 


• • • • 

p « • • 

7-12 



.... 


24.0 

26.5 


• • • • 

.... 

13-24 


.... 



14.0 

16.5 


.... 

.... 

0-6 

Average 

12.7 

14.8 

Average 

25.0 

25.2 

Average 

29.3 

31.8 

7-12 


13.6 

13.7 


25.0 

23.2 


27.2 

29,0 

13-24 


11.3 

11.6 


23.6 

22.3 


23.7 

23.6 


was usually as heavy as the surface soil. In a few fields, such as L 2, the sub¬ 
soil had a higher moisture equivalent than the surface 6 inches, whereas on 
another field, L10, the subsoil was much coarser than the surface layer. 

The reaction of the soils varied from acid on fields E 4 and O 3, pH 5.3, to 
close to neutral on D 8, pH 6.8 (table 2). In the subsoil the variation was 
from a pH of 5.1 on field E 3 to a pH of 7.5 on field D 8. In general the pH 
rose in the lower depths. The soils on glacial drift were from calcareous parent 
material and in some fields, such as E 4, occasional fragments of limestone 
were found at the 36-inch level. 

Eocchange capacity 

The exchange capacity, which is the total exchangeable base including 
hydrogen in the soil, is calculated as nuUiequivalents of base per hundred 
grams of air-dry soil. In the soils used in the study the exchange capacity 
varied widely. The values ranged from 6 to 48 m.e. and in general the varia¬ 
tion can be correlated rather closely with texture of the sample (table 3). The 
lowest capacity of 6 m.e. was found on field E 1, which is a Merrimac loamy 
fine sand with a moisture equivalent of 3.6, and the largest amount, 48 m.e., was 
in the silty clay loam with a moisture equivalent of 34 from field D 8. This 
wide range and its close correlation with the texture has been found generally 
by workers in base exchange (14, 20). 

For the measure of the colloidal material present the moisture equivalent 
of the sample was used. Table 3 gives the base capacity and the moisture 
equivalents of these soils. It is evident that the relationship is dose. Espe¬ 
cially is fhiR true in the case of the sandy loams, as for instance fields O 3 and 
0 4, which have moisture equivalents of 18 and base capadties of 18 m.e. For 
silt loams and silty clay loams the agreement is not quite so dose. 

The exchange capadty of the sands was between 6 and 10.9 m.e., the lower 
value being for field E 1 and the higher for 0 1 (table 3). The sandy loams 
showed exchange capadties of about 18 m.e. One, field O 2, was 15.9 m.e. 
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The texture was somewhat coarser than that of the other fields of the textural 
class as indicated by a moisture equivalent of 12. 

It is more difficult to set a definite capacity for the heavier soil types since 
the variation is wide. In the silt loams developed on loess the fields L 1 and 
L 2 had an exchange capacity of 18 m.e. and L 10 had one of about 31. In 
general the values were about 25 m.e. In the silty clay loams on the glacial 
drift the variations were still greater, from 26 to 48 m.e. in 100 gm. of air-dry 
soil (table 3). Field D 8 having 48 is rather unusual, since the base capacity 
found in this group of soils averaged 32 m.e., and the majority of samples from 
the different fields did not vary much from this figure. 

The variation in exchange capacity on individual fields as shown by samples 
from fields E 2 and E 4 was nearly as great as that found between fields of one 
textural class (table 4). On E 4 the two control plots had values of 31 and 
36 m.e. in the first 6 inches and of 18.7 and 26 in the 19-24 inch depths. The 
values foxmd on the surface 6 inches of E 2 were 22 and 28.6 m.e. 


TABLE 4 

Variations in exchange capacity on two fields 


7ZEIJ)E2 

ezeldE 4 

Depth 

Exchange capacity 

Depth 

Exchange capadty 

Plot A 

[ PlotB 

PtetA 

PbtB 

inGh«$ 

m.e. 


inches 

m.t. 

m.e. 

G-6 

28.6 


0-6 

36.3 

31.5 

7-12 

19.9 



31.2 

29.2 

13-18 

21,7 

21.1 


28.7 

27.2 

19-24 

20,0 

17.6 


18.7 

26.0 


The exchange capacity was lowest in the soils developed on glacial outwash 
and highest in the silty clay loams on drift. The soils developed on loess 
occupied an intermediate position. It would appear that there is a definite 
correlation between the exchange capacity and the texture. The numerical 
value of the figure representing the milliequivalents of base present was almost 
identical with that of the figure expressing the moisture equivalent (table 5). 

Bases present 

The replaceable bases compose the saturated fraction of the base complex 
and the hydrogen present in the base complex forms the unsaturated fraction 
of it. In the soils of this area, hydrogen and calcium were present in far 
greater quantities than the magnesium. Together, they usually constituted 
from 86 to 90 per cent or even more of the total exchange capacity (table 6). 
In general the replaceable magnesium remained fairly constant regardless of 
the degree of saturation or texture. On field D 8 where there was only 14.6 
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per cent hydrogen there was 12 per cent of magnesium while on D 4 which had 
46.5 per cent hydrogen there was only 13 per cent magnesium. 

The replaceable calcium in these soils is always greater than the replaceable 
magnesium. In general the ratio for the lighter soils was approximately 1:6 
although it showed a wide variation. In the silt loams and silty clay loams the 
ratio remained surprisingly constant, about 1:4, falling to 1:3 or even to 1:2 
when the unsaturation was very high. In milliequivalents per hundred 
grams of soil the magnesium was about 1.5 in the sandy loams, usually from 
3 to 6 in silt loams, and slightly higher in the silty clay loams on the drift. 
In a few cases however it was very low, such as on fields D 2, D 5, and L 2, 
where it was 1.6,1.3 and 1.6 m.e. respectively. 

The amount of calcium in replaceable form is governed by the degree of 
unsaturation. In these unsaturated soils the quantity found in the sandy 
loam varied from 6 to 9.6 with an average of about 8 m.e. In heavier types 
the range was wider but in all cases, except field D 2 surface soil and a few 


TABLE s 

Average exchange capacity and moisture equivalents of soils developed on oulwashi loess, and 

glacial drift 


DKPIH 

SOILS ON OX7TWASB 

SOILS ON LOESS 

SOILS ON DXXIX 

Moisture 

equivalent 

Exchange 

capadty 

Moisture 

equivalent 

Exchange 

capacity 

Moisture 

equivalent 

Exchange 

capacity 

inches 

0-6 

12.7 

14.8 

25.0 

25.2 

29.3 

31.8 

7-12 

13.6 

13.7 

25.0 

23.2 

27.3 

29.0 

13-24 

11.3 

11.6 

23.6 

22.3 

23.7 

23.6 


subsoils, the quantity of calcium was higher than that found in the best sup¬ 
plied sandy loams. The range in the fine textured soils was from 8.6 to 35 m.e, 
with an average of about 14. 

The amounts of replaceable base were least in the soils developed on glacial 
outwash, slightly greater in the loess soils, and most in soils on the drift ma¬ 
terial. Loess soils were about 2 m,e. higher than the outwash soils in each 
case. Drift soils had a magnesium content equal to that found in the silt 
loams but the calcium was 4 or 5 m.e. greater and the hydrogen about 2. 

Distribidion of bases in the soil profile 

Although the distribution of bases throughout the profile was somewhat 
variable, there was in general a decrease from the surface downward (table 6). 
In nearly all cases the largest amount was found in the surface layer. The 
decrease from the surface downward may be associated with the decrease in 
organic matter. In cases where there was any marked textural change this 
was indicated by an abrupt change in the amoimt of base present. Thus in 
field 0 4 the second foot was very sandy and this was accompanied by a drop 
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Exchange capacity and replaceaUe bases in soils from 28 fields 
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TABLE 6r-Concludti 



OLAOAL ODTWASH 

LOESS 

glacial dsifi 

DEPTH 

















Field 

’ll 

H 

Ca 

Mg 

Fidd 

fa 

H 

Ca 

Mg 

Fidd 

•sl 

H 

Ca 

Mg 



S 










a® 




inches 


m.e. 





m^. 





m.e. 




0-6 






L 10 

31.2 

12.6 

14.9 

3.7 






7-12 







26.5 

10.1 

13.2 

3.2 






13-24 







16.5 

5.6 

7.9 

3.0 






0-6 

Aver¬ 


7.9 

8.6 

1.4 

Aver¬ 


10.1 

11.6 

3.6 

Aver¬ 


12.2 

16.2 

3.5 

7-12 

age 

.... 

7.9 

7.7 

1.7 

age 


9.3 

10.4 

3.7 

age 

.... 

10.9 

14.5 

3.6 

13-24 



5.5 

6.4 

1.2 


.... 

8.8 

9.9 

3.9 


.... 

8.7 

11,4 

3.4 


from 20.5 m.e. in the second 6 inches to 12.0 in the second foot. Likewise on 
field L 10 there was a change in texture at the end of the first foot as indicated 
by a lowering of the moisture equivalent from 24 to 14 and a drop in the amount 
of base from 26.5 to 16.5 m.e. In only one field was the surface 6 inches much 
lower in base content than the second 6 inches and that was in field L 2 where 
the surface was 18.8 and the second 6 inches 24.1 m.e. 

Though the decrease downward was general there was usually less drop in 
base content in the lower depths of silt loams developed on loess than in those 
soils developed on glacial outwash and drift (table 6). In all profiles the aver¬ 
age shows but a slight decrease in the second 6 inches and on the glacial drift 
soils a very marked drop in the second foot. 

Degree of unsaiuraiion 

Hydrogen is the most powerful of all bases as a replacing cation and once 
it has entered the base complex only relatively great changes in the concentra¬ 
tion of the soil solution will change the equilibrium in respect to it. In this 
form hydrogen comprises one of the more important types of soil acidity. 
Gedroiz (6) believes that much acidity is due to the hydrogen from base 
complex being released to react with aluminum and iron compounds. Kap- 
pen (12) on the other hand divides acidity into four groups: hydrol 3 dic, actual 
acidity due to humus, and exchangeable acidity of the base complex. Never¬ 
theless, just how much the acidity of a soil as expressed by the hydrogen-ion 
concentration is affected by this type of hydrogen is doubtful. Pierre (23) has 
shown that with certain acid-sensitive crops the growth is more closely corre¬ 
lated with the unsaturation than with the acidity of the soil indicated by the 
pH values. 

The xmsaturation, expressed as percentage of hydrogen in the total base, 
in samples used in this study is high. For the surface 6 inches the average 
was 40,3 per cent and equally great for the second 6 inches and second foot. 
It ranged from a TnaTiminn of 57 per cent on field D 2 to a minimum of 8.6 
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TABLE 7 


Percentage unsaturation and reaction of soils from 28 fields 


DZPIE 

GIACIAI, OXJTWASH 

LOSSS 

GIACIAI. wax’s 

Eidd 

Unsat¬ 

uration 

pH 

Fidd 

Unsat¬ 

uration 

pH 

Fidd 

Unsat¬ 

uration 

pH 

inches 


percent 

S 



percent 

S 



fier cent 
H 


(MS 

E 1 

50.9 

5.7 


29.5 

6.1 

D1 

50.5 

5.6 

7-12 


42.1 

6.3 


22.9 

6.3 


43.5 

5.7 

13-24 


35.0 

6.4 


26.9 

5.9 


39.7 

5.6 

CHS 

01 

31.2 

6.4 

L2 

39.4 

6.1 

D2 

51.5 

5.5 

7-12 


41.7 

6.2 


39.5 

6.1 


57.0 

5.3 

13-24 


45.3 

6.2 


41.8 

5.9 


51.5 

5.2 

0-6 

02 

44.6 

5.6 

E2 

38.3 

5.7 

D3 

41.6 

6.0 

7-12 


50.4 

6.0 


30.2 

6,7 


39.0 

6.0 

13-24 


42.9 

6.0 


24.8 

6.3 


40.1 

6.1 

0-6 

03 

37.9 

5.3 

L3 

39.1 

6.1 

D4 

46.5 

5.4 

7-12 


36.7 

5.9 


39.2 

6.0 


43.4 

5.5 

13-24 


32.8 

6.2 


47.0 

5.7 


47.9 

5.6 

0-6 

04 

42.5 

5.6 

L4 

50.9 

5.5 

D5 

45.0 

5.4 

7-12 


50.0 

5.8 


45.5 

5.7 


43.6 

5.6 

13-24 


51.4 

6.0 


37.7 

5.5 


47.0 

6.0 

0-6 

05 

51.7 

5.5 

L5 

31.7 

6.0 

D6 

32.7 

5.9 

7-12 


43.7 

5.7 


42.3 

5.9 


36.6 

6.1 

13-24 


39.8 

5,8 


38.2 

5.5 


37.1 

6.2 

0-6 




L6 

44.3 

5.4 

E4 

43.8 

5.3 

7-12 


.... 

... 


45.0 

5.6 


39.1 

5.8 

1^24 


.... 

... 


41.4 

5.8 


30.3 

5.8 

0-6 




L7 

46.6 

5.5 

E5 

37.0 

5.4 

7-12 


.... 

... 


46.9 

5.5 


40.2 

5.3 

13-24 


.... 

... 


49.3 

5.5 


36.8 

5.5 

(MS 




L8 

48.0 

5.4 

D7 

37.6 

5.6 

7-12 


.... 

... 


40.9 

5.5 


40.8 

5.8 

13-24 



... 


47.3 

5.6 


39.5 

5.9 

0-6 



... 

E3 

46.8 

5.4 

D8 

14.6 

6.8 

7-12 


.... 



49.5 

5.1 


12.2 

7.0 

13-24 



... 


45.8 

5.2 


8.6 

7.5 

0-6 




L9 

21.8 

6.8 




7-12 


.... 

... 


31.3 

6.3 




13-24 


.... 

... 


28.6 

5.9 


.... 

... 
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TABLE 7—Concluded 


JDEPIH 

OLACIAX OT7TWASH 

LOSSS 

GIACIAX. DSirr 

Pidd 

Unsat¬ 

uration 

j pH 

Field 

Unsat- 

uration 

pH 

Fidd 

Unsat- 

uration 

pH 

inches 


^ ceni 



percent 







E 



H 



• E 


0-6 


.... 

• •. 

LIO 

40.4 

5.5 


.... 

... 

7-12 


.... 

... 


37.9 

5.6 



... 

13-24 


.... 

... 


34.1 

5.4 


.... 

... 

0-6 

Average 

43,1 


Average 

39.7 

... 

Average 

40.1 

• • « 

7-12 


44.1 



39.3 

. . . 


39.6 

. . » 

13-24 


41.2 



38.6 

... 


37.9 

... 


per cent on D 8 (table 7). The variation seems to be independent of the tex¬ 
ture, as the average unsaturation is approximately equal on all textural groups. 

The unsaturation in the upper 2 feet of the profile is exceedingly variable 
and the variation could not be correlated with either the texture or the organic 
matter* In those fields for which determinations were made on the third foot 
the percentage unsaturation in the last foot is regularly less than that in the 
upper 2 feet (table 8). On the heavier soils and especially on field E 4, in 
which the calcerous subsoil is encoimtered shortly below the 36-inch depth, 
is the decrease very marked. On the loamy sand of field E 1 this drop is less, 
as though excessive leaching had caused the removal of saturating cations to 
greater depths in the coarser soil. 

Relation of unsaturation to pH 

The pH as a measure of the active acidity represents the hydrogen-ion con¬ 
centration in the soil solution. One would expect from the nature of the 
exchange complex a certain interrelation between the pH, which represents 
the hydrogen in the soil solution, and the degree of unsaturation, which repre¬ 
sents the hydrogen in exchangeable form. The hydrogen in the latter case 
is probably potential hydrogen and as such is a source for the active hydrogen 
removed from the soil. There are, however, so many factors which influence 
the pH of a soil besides the hydrogen of the exchange complex that a close 
relationship is not always discernible in a consideration of only the pH and the 
degree of unsaturation. 

In the soils used in this investigation a general relationship is found between 
the pH and the degree of unsaturation. That is, usually with a greater degree 
of unsaturation there is a correspondii^ lower pH. That this does not always 
hold may be seen from table 9. As has been mentioned, texture appears to 
have no effect upon the degree of unsaturation or the pH or upon the correla¬ 
tion of these. 

Between the pH values 5.8 and 6.2 there are greater variations than either 
above or below this range. It is quite possible that this increased variation 
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TABLE 8 


Percentage unscUurcUion on experifnental fields 


DEPZS 

tisldE 1 

7IELD E 2 

FIELD E 3 

mxD E 4 

FIELD £ 5 

iuches 

0-6 

50.9 

38.3 

46.8 

43.8 

37.0 

7-12 

42.1 

30.2 

49.5 

39.1 

40.2 

13-18 

27,7 

33.2 

50.6 

30.2 

41.1 

19-24 

42.3 

19.4 

40.9 

30.4 

32.4 

25-30 

47.7 

24.2 

39.7 

30.8 

30.8 

31-36 

42.9 

26.1 

37.1 

19.5 

32.6 


TABLE 9 


Percentage unsaiuration and reaction in first and second 6 inches and second foot, arranged 

according to increasing pH 



O-^mrcsEs 


7-12 INCHES 


13>-24 INCHES 

/ 


Bldd 

pH 

Unsatura- 

lion 

Field 

pH 

Unsatiira- 

tion 

Field 

pH 

Unsatura- 

tion 

E4 

5.3 

percentH 

43.8 

£3 

5.1 

percentE 

49.5 

£3 

5.2 

per cent E 

46.0 

03 

5.3 

37.9 

ES 

5.3 

40.2 

D2 

5.2 

51.5 

£5 

5.4 

37.0 

D2 

5,3 


L 10 

5.4 

34.1 

£3 

5.4 

46.8 

D4 

5.5 

43.4 

£5 

5.5 

37.0 

L8 

5.4 

48.0 

L7 

5.5 

46.9 

L4 

5.5 

37.7 

L6 

5,4 

49.3 

L8 

5.5 

40.9 


5.5 

49.3 

B4 

5.4 

46.5 


5.6 

45.0 


5.5 

38.2 

D5 

5.4 

45.0 


5.6 

37.9 


5.6 

39.7 

D2 

5,5 

51.5 

D5 

5.6 

43.6 

D4 

5.6 

47.9 

05 

5.5 

51,7 

D 1 

5,7 

43.5 

L8 

5.6 

47.3 

L4 

5.5 

50.9 

L4 

5.7 

45.5 

L3 

5.7 

47.0 

L7 

5.5 

46.6 

05 

5.7 

43.7 

£4 

5.8 

30.3 

LIO 

5.5 

40.4 

£4 

5.8 

39.1 

L6 

5.8 

41.4 

02 i 

5.6 

44.6 

04 

5.8 

50.0 

05 

5.8 

39.8 

04 

5.6 

42.5 

D 7 

5.8 

40.8 

D7 

5.9 

39.5 

D7 

5.6 

37.6 

03 

5.9 

36.7 

L2 

5.9 

41.8 

D 1 

5.6 

50.5 


5.9 

42.3 

LI 

5.9 

26.9 

£2 

5.7 

38.3 


6.0 ! 

39.2 


5.9 

28.6 

E 1 

5,7 

50.9 

02 

6.0 

50.4 


6.0 

42.9 

D6 

5,9 

32.7 

D3 

6.0 

39.0 


6.0 

51.4 

L5 

6.0 

31.7 

D6 

6.1 

36.6 


6.0 

47.0 

D3 

6.0 

41.6 

L2 

6.1 

39.5 


6.1 

40.1 

L3 

6.1 

39.1 

01 

6.2 

41.7 


6.2 

32.8 

L2 

6.1 

39.4 


6.3 

31.3 


6.2 

45.3 

LI 

6.1 

29.5 

wSM 

6.3 

22.9 

D 6 

6.2 

37.1 

oi 

6.4 

31.2 

E 1 

6.3 

42.1 

E2 

6.3 

26.0 

D8 

6.8 

14.6 

£2 

6.7 

30.2 

E 1 

6.4 

36.0 

L9 

6,8 

21,8 

D8 

7.0 

12.2 

D8 

6.5 

8.6 
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may be due to a considerable extent to tbe fact that this is the borderline be¬ 
tween distinctly acid soils and those which are neutral. In thig range the 
degree of unsaturation goes to as high as 51.4 per cent, a value equal to any 
except that of field D 2, and as low as 29.6 per cent, which is no greater th ay» 
that found in one sample from field E 2 with a pH of 6.7. 

Near the neutral point the unsaturation was rather uniformly low, usually 
below 30 per cent, a limit which has been generally found by other workers. 
This would seem to indicate that the basic reacting substances in the soil are 
able to neutralize the acidity of the soil as measured by the hydrogen-ion 
concentration before they completely saturate the base complex. That is to 
say that even though the pH is 7.0 or above there may still be hydrogen present 
in exchangeable form which is difficultly replaceable and is not replaced before 
a pH of approximately 8.5 is reached (13). 

In the more acid soils the degree of unsaturation was almost invariably high. 
In all cases it was greater than 30 per cent and frequently as high as 50 per 
cent. With five exceptions, L 1, L 9, L 10, D 6, and E 4, all of the samples 
which had a pH below 6.0 had an unsaturation above 35 per cent. Of those 
below a pH of 5.5 the great majority were above 44 per cent unsaturated. 

Harada (7) has reported a close agreement between the pH and the degree 
of unsaturation. Other investigators (11), however, have observed the same 
general relationship reported in the foregoing. Wilson (30) working with 
soils of New York foxmd a correlation between the exchangeable calcium and 
the hydrogen-ion concentration. With the soils used in this study the relation¬ 
ship between exchangeable lime and pH is less marked than between the pH 
and the degree of unsaturation. Our data would indicate that the bases in 
the exchange complex in a soil do not change as rapidly as the pH and that 
soils of the same pH value may have widely different degrees of unsatuxation. 

Effect of lime on the exchange complex 

A comparison of the soils from the limed plots with those from the untreated 
plots on the same field brings forth some interesting data concerning the effect 
of lime. The samples for this study were taken on the five experimental fields 
from plots receiving 1, 2, 3,4, and 8 tons an acre of finely ground limestone as 
well as from untreated or control plots. The lime had been applied in 1920 or 
1921, alfalfa seeded in the spring of 1922, and the fields kept continuously in 
alfalfa until after the samples were taken in the autumn of 1926. On fields E1, 
E 2, E 3, and E 4 finely ground limestone, all of which passed through a 100- 
mesh sieve, was applied. Hydrated lime was applied on field E 5. The com¬ 
position of the l iming material is presented in table 10. With all the fields 
except E 5 two sets of imtreated plots have been used as controls throughout 
the study. 

Rost and Fieger (25) calculated that the hydrated lime was equal in effect¬ 
iveness to twice the amount of finely ground limestone. When the CaO 
equivalent for the MgO is calculated the content of the CaO for the two forms 
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is: finely ground limestone, 41.95 per cent, and hydrated lime, 88.30 per 
cent. 

The soils of these filelds varied in texture from a loamy sand on field E 1 to a 
silty clay loam on field E 5 (table 11). The reaction of the surface soil of the 
fields as expressed by the hydrogen-ion concentration was acid and ranged 
from pH 5,7 to 5.3 (table 11). On fields E 1, E 2, and E 4 it decreased below 


TABLE 10 

Chemical composUion of liming materials used 


ICATXBIAI. 

INSOLUBZS 

inHCI 

CaO 

MgO 

Findiy ground limestone. 

percent 

22.21 

0.06 

percent 

30.14 

47.11 

percent 

8.71 

29.66 

Hydrated lime. 



TABLE 11 

Moisture equivalent and reaction of samples from untreaied plots of the experimental fields 



tuodE 1 

71ELDE2 


tJELD E 4 

71ELD E 5 

nXFCE 

Moisture 

equiv¬ 

alent 

pH 

Moisture 

equiv¬ 

alent 

pH 

Moisture 

equiv¬ 

alent 

pH 

Moisture 

equiv¬ 

alent 


Moisture 

equiv¬ 

alent 

pH 

inches 

0-6 

3.6 

5.7 

29.2 

5.7 

23.6 

5.4 

30.7 

5.3 

32.8 

5.4 

7-12 

3.9 

6.3 

26.9 

6.7 

22.5 

5.2 

29.6 

5.8 

29.5 

5.3 

13-18 

3.0 

6.4 

25.1 

6.3 

24.7 

5.1 

26.9 

5.7 

26.1 

5.4 

19-24 

3.0 

6.1 

25.0 

6.4 

24.8 

5.5 

26.8 

6.1 

26.0 

5.8 

25-30 

2.7 

6.4 ! 

23,9 

6.4 

25.6 

.. • 

22.2 


20.1 

5.8 

31-^36 

2.7 

7.3 

23.6 

6.9 

25.5 

5.3 

22.0 


20.0 

6.1 


TABLE 12 


Perceniage of organic matter {N X 20) in representative profiles of the experimental fields 


pEmc 

tieldE 1 

]rmj)E2 

eieldE 3 

;iixdE4 

natpE 5 

inches 

0-6 

■■ 

5.4 

3.8 


7.6 

7-12 


4.0 

2.0 


4.8 

13-24 


2,2 

1.0 

2.0 

2.2 

25-36 

0.2 

1.0 

0.6 

1.0 

0.8 


the surface 6 inches and on field E 4 below the 18-inch level. In field E 3 the 
reaction was much the same throughout the profile. In organic matter the 
silly day loams on E 4 and E 5 were best supplied. Fields E 2 and E 3 car¬ 
ried somewhat lower amounts and E1 the least, having only 1.0 per cent in the 
surface section (table 12). 

The exchange capacity of the untreated plots varied rather widely, as is 
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TABLE 13 


Es^hange capacity in mUlieguivalents per 100 gm, of air-dry soil from plots on experimental fields 


Dspxa 

LIME 8 TONS 

ldie4tons 

lime 3 TONS 

1 LIMB 2 TONS 

LIMB 1 TON 

Untreated 

inches 

Set A 

SetB 

FieU E } 


0-6 

11.25 

8.77 

5.94 

8.57 

7.65 

6.41 

7.85 

7-12 

7.78 

6.13 

7.29 

5.27 

4.71 

4.77 

6.64 

13-18 

6.10 

7.86 

6.63 

4.67 

4.93 

4.52 

5.30 

19-24 

5.69 

6.10 

3.85 

6.47 

3.90 

4.06 

5.19 

25-30 

6.35 



3.98 



5.03 

31-36 

4.14 



5.57 



6.52 

Field E 2 

0-6 

34 5 

30.1 

29.2 

31.9 

26.0 

28 6 

22.5 

7-12 

15 6 

24.6 

25.5 

23.2 ! 

24.9 

19.9 

19.5 

13-18 

20 8 

17.5 

24.2 

19.1 

22.4 

21.7 

21.1 

19-24 

16.1 

23.0 

23.1 

24.0 

22.9 

20 0 

17.6 

25-30 

13 6 

26.4 

26.6 

24.7 

21.0 

24.7 

16.6 

31—36 

17.5 

17.7 

23.5 

19.7 

22.9 

18.8 

20.7 


FieldES 


0-6 

36 86 

27.22 

25.71 

25.78 

27.63 

27.42 

27.74 

7-12 

22.86 

25.44 

24.68 

20 84 

22.75 

23.87 

25.04 

13-18 

24.20 

22.79 

22.67 

20.46 

20.51 

23.57 

27.07 

19-24 

24.30 

21.72 

22.11 

21.13 

20.92 

24.31 

22.00 

25-30 

25.81 

23.81 

24.30 

22.52 

24.59 

23 91 

22.39 

31-36 

22.69 

24.27 

30.37 

22.79 

27.17 

25.49 

22.09 


FieldE4 


0-6 

33,9 

34.8 

32.9 

33.9 

33.0 

36.3 

31.5 

7-12 

28.0 

32.0 

32,5 

28.5 

28.0 

31.2 

29.2 

13-18 

26.2 

27.3 

29.4 

27.0 

25.6 

28.7 

27.2 

19-24 

20.9 

24.6 

22-4 

27.2 

26.7 

18.7 

26.0 

25-30 

19.6 

22.4 

20,4 

21.9 

23.4 

17.2 

21.8 

31-36 

19.6 

21.8 

22.0 

20.1 

22.2 

17.0 

18.5 


FiMES 


0-6 

35.29 

31.7 


33.48 


32.43 


7-12 

24.23 

25.30 


22.75 


24.33 


13-18 

26.05 

26.47 


24.87 


24.32 


19-24 

20.53 

20.99 


20.4 


20.33 


25-30 

15.72 

15.80 


18.88 


19.42 


31-36 

17.41 

20.63 


17.77 


19.58 
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diown in table 13. The loamy sand of field E 1 had a base capacity of 6.8 
m.e., and the silty clay loams of E 4 and E S, both developed on glacial drift, 
of 31 and 36 m.e. on two sets of plots on the former and of 32 m.e. on the lat¬ 
ter. Field E 3, a silt loam, had an exchange capacity of 27 m.e,, whereas for 
E 2, also a silt loam, it was 28 on one set of control plots and 22 on the other. 
The soil of the last two fields have been developed on loess. 

The 8-ton application of lime produced on all fields but E 4 an increase in 
the total base capacity of the soil (table 13). On that field the increase of 
2 m.e. over the lower control is still less than the exchange capacity of 36,3 
on the higher control. The increase in exchange capacity caused by 8 tons of 
lime on field E 2 was 6 m.e. over the higher control plot and of 12 over the 
lower one. On E 3 an increase of 9 m.e. is shown. Upon both E 1 and E 5 
a rise of about 3 or 4 m.e. can be observed, although relatively this amount 
represents a considerably greater change on E 1 than it does on E S, which has 
a greater initial capacity. Only upon field E 2 did any increase in exchange 
capacity appear to be caused by an application of less than 8 tons of lime. 
Here the 4-, 3-, and 2-ton applications gave exchange capacities greater than 
that of the low control sample though not much greater than that of the high 
one. These data confirm the findmgs of other investigators (26) that the 
addition of basic substances tends to increase the exchange capacity of the 
soil. 


Effect of lime on replaceable calcium and magnesium 

The calcium and magnesium content on the more heavily limed plots was 
m most cases several millequivalents higher than that in the untreated soils 
(tables 14 and 15). With the 8-ton application the calcium and magnesium 
content was S m.e. more than on the untreated plot on field E 1, 14 more on 
E 2, 11 more on E 3, and 9 more on E 5. On E 4 there was no apparent in¬ 
crease in the calcium and magnesium on the plots to which 8 tons of lime had 
been applied over that in the higher control plot. When calculated, as per 
cent of total base, however, the data show an increase of 6 per cent over the 
higher check and of 10 per cent over the lower one. On the other fields the 
increase ranges in percentage from SO on field E 1 to 20 or 30 on E 2, E 5, and 
E 3. The amoimt of increase seems to be more or less governed by the base 
capacity of the soil, the soils with lower exchange capacities becoming more 
nearly saturated with calcium and magnesium upon liming than do the finer 
textured soils with high exchange capacities. 

In general the increase of calcium and magnesium in the base complex was 
correlated with the amount of lime applied. Thus the 8-ton application 
usually produced at least twice as much increase in the calcium and magnesium 
as did the 4-ton treatment. On field E 4, however, the 8-, 4-, and 3-ton appli¬ 
cations produced about equal effects. 

The point at which an effect from applications of lime can be observed ap¬ 
pears dependent upon the individual soil. Usually in the soils which were 
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TABLE 14 


Reffaceahle calcium in mUHequivalents per 100 gm. of air-dry soils from plots on the experimmUH 

fields 


D^PIH 1 

LUCE 8 TOES 

inCB 4 TOES 

LZllZ 3 TOES 

LmB2 TOES 

LnCE 1 TOE 

Untreated 

inches 




Set A 

Sets 

FieldEl 

0-6 

8.20 

4.74 

3.57 

5.28 

3.89 

2.49 

3.00 

7-12 

3.70 

3.24 

3.89 

2.67 

2.28 

2.14 

3.10 

13-18 

2 70 

3.46 

3.03 

2.21 

2.25 

1.89 

2.60 

19-24 

3.30 

2.53 

1.85 

2.49 

2.64 

1.78 

2.20 

25-30 

2.60 



1 78 



2.40 

31-36 

2.20 



2.85 



2.60 


Field E 2 


0-6 


17.0 


16.7 

15.2 

HI 

10.1 

7-12 


12.0 


10.2 

11.4 

WaM 

9.8 

13-18 


9.9 


8.7 

11.0 

10.5 

9.4 

19-24 


11.3 


10.7 

12.1 

10.9 

10.1 

25-30 

5.1 

12.2 

12.8 

10.8 

12.3 

12.1 

8.4 

31-36 

10.8 

6.2 

13.1 

13.2 

12.2 

12.3 

10.2 


FieldE3 


0-6 

17.31 

11.70 

10.63 

10.03 

10.67 

12.00 

10.60 

7-12 

8.74 

9.17 

9.00 

7.88 

8.67 

9,96 

8.50 

13-18 

9.30 

8.38 

8.21 

7.78 

7.17 

7.49 

9.20 

1 S ^24 

8.90 

9.03 

9.24 

8.42 

8.56 

8.42 

8.30 

25-30 

9,70 

10.31 

11.24 

10.50 

10.60 

9.74 

9.60 

31-^6 

9.20 

11.49 j 

12.53 

11.60 

11.67 

11.38 

10.42 


FieldE4 


0-6 

18.9 

m 

■9 

IQH 


16.3 

^09 

7-12 

14.8 


msSm 



13.6 

mimU 

13-18 

11.0 

msm 

12.6 



12.6 


19-24 

10.9 

12.5 

12.9 

13.9 


12.1 


25-30 

10.7 

13.9 

11.8 

11.8 

12.0 

9.6 


31-36 

10.7 

13.5 

11.6 

11.9 

11.3 

10.6 



FiddES 


0-6 


17.63 




15.80 


7-12 

10.20 

11.31 


9.38 


10.70 


13-18 

11.10 

11.42 


11.78 


10.70 


19-24 

9.30 

11.74 


10.67 


10.40 


25-30 

8.10 

9.06 


10.63 


9.90 


31-36 

9.20 

14.45 


10.99 


9.80 
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TABLE IS 

Replaceable magnesium in milliequivalenls per 100 gm. of air-dry soil from plots ow 

expefimental fields 







1 TJNTSEATEO 

HUE 8 TONS 

L3U&410HB 

lxuxStons 

LUCK 2 TONS 

LOCB iTON 




Set A 

SetB 


FieldEl 


0-6 

3.05 

0.83 

0.97 

2.29 

1.96 

0.72 

WM 

7-12 

1.28 

1.69 

0.90 

1.00 

0.63 

0.63 

mm 

13-18 

0.70 

1.80 

0.86 

0.55 

0.88 

0.63 


19-24 

0.79 

1.57 

1.00 

0.98 

0.56 

0.68 

WSM 

25-30 

0.45 

• • • • 

...» 

1.00 

.... 

.... 

0.63 

31-36 

0.74 

.... 

.... 

0.72 

.... 

.... 

1.12 


Fteld E 2 


0-6 

7.5 

6.7 

3.6 

6.2 

2.0 

2.3 

3.8 

7-12 

3.5 

6.0 

4,0 

4.0 

4.5 

1.8 

3.7 

13-18 

4.5 

2.4 

4.9 

3.6 

3.6 

3.2 

4.7 

19-24 

3.6 

5.5 

5.4 

6.5 

3.2 

2.1 

4.1 

25-30 

5.5 

7.4 

6.6 

5.9 

4.5 

5.6 

4.2 

31-36 

3.5 

7.7 

6.2 

2.6 

6.5 

1.9 

5.1 


FieldE3 


0-6 

10.5 

5.32 

4.88 

4.35 

4.96 

4.22 

4.14 

7-12 

3.92 

4,27 

3.68 

2.96 

2.88 

3.91 

4.14 

13-18 

4.30 

3.61 

3.26 

3.48 

3.24 

2.88 

4.12 

19-24 

5.40 

4.09 

5.07 

3.71 

4.16 

5.09 

4.70 

25-^0 

5.91 

5.70 

5.86 

4.62 

5.39 

5.57 

3.89 

31-36 

7.09 

5.78 

10.64 

5.19 

7.90 

6.71 

3.47 


FieldEd 



3.8 

3.9 

3.1 

5.6 

5.9 

5.8 1 

2.5 

7-12 

2.0 

5,2 

6.5 

5.1 

5.S 


3.7 

13-18 

4.2 

4.0 

5.6 

5.8 

5.4 

4.5 

6.4 

19-24 

3.2 

4.7 

2.9 

7.5 

6.8 

3,2 

3.6 

25-30 

5.1 

4.3 

3.8 

6.5 

7.0 

5.0 

2.2 

31-36 

3.4 

7.2 

5.6 

6.4 

S.9 

4.0 

2.7 


FieldES 


0-6 

7.09 

4.67 


5.18 


4.63 


7-12 

3.43 

3.79 


4.17 


3.83 


13-18 

4.95 

4.85 


4.09 


3.62 


19-24 

3.63 

4.35 


3.93 


3.33 


25-30 

3.22 

3.34 


3.95 


3.52 


31-^ 

4.01 

5.48 


3.98 


3.38 
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used in this investigation tins point appeared between the 3- and 4-ton appli¬ 
cations. Except with field E 1 it was impossible to note any change in the 
exchange complex, until at least 3 tons of limestone had been applied. 

Effect of lime upon unsaturation and replaceable hydrogen 

As was the case with calcium and magnesium entering the base complex, 
no effect of the lime applied was shown by a decrease in the hydrogen content 
and a subsequent decrease in the unsaturation until at least 3 or 4 tons of 
had been applied. Similarly also the hydrogen decrease was more or less 
proportional to the amount of lime applied (tables 16 and 17). 

The increase in calcium and magnesium was in most, but not all cases, 
coincident with a decrease in hydrogen. For instance on field E 3 the replace¬ 
able hydrogen in the first 6 inches decreased 2 m.e. although the calcium and 
magnesium content was scarcely affected by the 3- and 4-ton applications of 
limestone (tables 14, IS, and 16). On field E 1 the calcium increased about 
1,5 m.e. but the hydrogen did not vary. In general the increase in basic 
ions was accompanied by a decrease in hydrogen. The exchange was rarely 
equivalent. In the majority of cases the calcium and magnesium absorbed 
was greater than the hydrogen replaced. This discrepancy in the exchange 
would substantiate the conclusion mentioned before, that basic substances 
increase the adsorptive capacity of a soil. According to KeUey and Brown 
(IS) the exchange of cations should be stochiometric or approximately so. 

On field E 1,1 ton of lime decreased the unsaturation as much as 4 tons of 
lime, although not to an equal depth. In the case of the 1-ton application 
the unsaturation in the second 6 inches amounts to 38.2 per cent and with the 
4-ton application for the same section it is 30.8 per cent. As the unsaturation 
is 41 and 42 per cent in this section of the control plots one can consider the 
decrease with the 4-ton application as being due to the lime and not within the 
limits of experimental error. Neither the 1-, 2-, nor 3-ton applications of lime 
had any effect below the first foot on field E1. The 4-ton application shows a 
quite definite effect on the second foot (table 17). 

The only plots upon which the addition of lime completely saturated the 
base complex were those on field E 1 which received 8 tons of lime. Here in 
the first 6 inches there was no replaceable hydrogen or unsaturation. Below 
this section, however, it is difficult to indicate the point to which the lime was 
effective, but certainly it was effective to the end of the first foot. The pH of 
the plot receiving 8 tons was 8,3, whidi agrees well with the work of Kappen 
(13), who has suggested that complete saturation does not take place below a 
pH of 8.5. Parker (21) has taken a pH of 7.0 as the point at which complete 
saturation occurs. 

On the other experimental fields the unsaturation in most cases was lowered 
to less than 30 per cent by an application of 3 or more tons of Hmestone. 
There appears to have been no effect from lime upon the unsaturation in the 
base complex below the surface 6-inch layer of these fields. 
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TABLE 16 


Raplaceahle hydrogen in nMUguivaienls per 100 gm, of air-dry soil from plots on 
experimental fields 


DXPZH 

xdebStoks 

1111X4 TONS 

IIUB 3 TOKS 

I 

1 mix 2 TONS 

mix 1 TON 

XJNTSXATXD 

inches 

Set A 

SetB 

Field El 

( H 5 

0.0 

3.2 


1.0 

1.8 

3.2 

4.0 

7-12 

2.8 

1.2 


1.6 

1.8 

2.0 

2.8 

13-18 

2.7 

2.6 


2.0 

1.8 

2.0 

2.0 

1^24 

1.6 

2.0 

1.0 

3.0 

0.7 


2.2 

25-30 

3.3 

« - • • 

.... 

1.2 



2.0 

31-36 

1.2 

.... 

.... 

2.0 

HHI 

Hi 

2.8 


Field M 2 


0-6 

3.0 

6.4 

8.0 

9.0 

8.8 

11.4 

8.6 

7-12 

6.8 

6.6 

10.0 

9.0 

9.0 

7.4 

6.0 

13-18 

7.0 

5.2 

8.8 

6.8 

7.8 

8.0 

7.0 

19-24 

8.2 

6.2 

7.0 

6.8 

7.6 

7.0 

3.4 

25-30 

3.0 

6.8 

7.2 

8.0 

4.2 

mSm 

4.0 

31-36 

3.2 

3.8 

4.2 

3.9 

4.2 

ma 

5.4 


Field E 3 


0-6 

9.4 

10.2 

10.2 

11.4 

12.0 

11.2 

13.0 

7-12 

10.2 

12.0 

12.0 

10.0 

11.2 

10.0 

12.4 

15-18 

10.6 

10.8 

11.2 

9.2 

10.1 

13.2 

13.7 

19-24 


8.6 

7.8 

9.0 

8.2 

10.8 

9.0 

25-50 

10.2 

7.8 

7.2 

7.4 

8.6 

8.6 

8.9 

31-36 

6.4 

7.0 

7.2 

6.0 

7.6 

7.4 

8.2 


FieUE4 


0-6 

11.2 

1 11.2 

10.0 

12.2 1 

11.0 

14.2 

13.8 

7-12 

11.2 

H^H 

12.0 

11.2 

10.8 

13.0 

11.4 

13-18 

11.0 


11.2 

9.2 

8.0 

11.6 

8.2 

19-24 

6.8 

7.4 

6.6 

5.8 

6.0 

3.4 

7.9 

25-30 

3.8 

4.2 

4.8 

3.6 

4.4 

2.6 

6.6 

31-36 

5.5 

1.1 

4.8 

1.8 

5.0 

2.4 

3.6 


FieldES 


0-6 

6.2 

9.4 


8.6 


12.0 


7-12 

10.6 

10.2 


9.2 

■. • ■ 

9.8 


13-18 

10.0 

10.2 


9.0 

.... 

10.0 


19-24 

7.6 

4.9 


5.8 

*. • • 

6.6 


25-30 

4.4 

3.4 


4.3 


6.0 


31-36 

4.2 



2.8 

.... 

6.4 
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TABLE 17 


Effect of different amounts of lime on unsaturation of soils of the experimental fields 


DEPTH 

LIUE SlONS 

LOCK 4 TONS 

UUB 3 TONS 

LOOS 2 TONS 

LIME 1 TON 

UKTXEA.1BD 

inches 

Set A 

SetB 

Field El 

0-6 

0,0 

36.4 

23.5 

11.4 

23.5 

49.9 

50.9 

7-12 

35.9 

19.5 

34.2 

30.8 

38.2 

41.9 

42.1 

13-18 

44.2 

33.0 

41.8 

42.8 

36.5 

44.2 

27.7 

19-24 

28.1 

32.7 

25.9 

46.3 

17.9 

39.4 

42.3 

25-30 

51.9 

.... 

.... 

30.1 

• • • • 

» • • • 

47.7 

31—36 

28.9 

.... 

.... 

35.9 

.... 

.... 

42.9 


Field EZ 


0-6 

8.7 

21,3 

27.4 

28.3 

33.9 

39.9 

38.3 

7-12 

43.6 

26.9 

39.3 

38.8 

36.2 

37.2 

30.2 

13-18 

33.7 

29.8 

36.4 

35.6 

34.1 

36.9 

33.2 

19-24 

51.0 

27.0 

30.4 

28.4 

33.2 

35.0 

19.4 

25-30 

22.1 

25.8 

27.1 1 

32.4 

20.0 

28.4 

24.2 

31-^6 

18.3 

21.5 

17.9 

19.8 

18.4 

24.5 

26.1 


FiddES 


0-6 

25.3 

37.4 

39.6 

44.2 

43.4 

40.8 

46.8 

7-12 

44.6 

47.1 

48.6 

48.8 

49.2 

41.8 

49.5 

13-18 

43.8 

47.3 

49.4 

44.9 

49.2 

56.0 

50.6 

10-24 

41.1 

39.5 

35.2 

42.5 

39.1 

44.4 

40.9 

25-30 

39,5 

32.7 

29.6 

32.8 

34.9 

35.9 

39.7 

31-36 

28.2 

28.8 

23.7 

26.3 

27.9 

29.0 

37.1 


FieldE4 


0-6 

33.1 

32.2 

30.6 

36.0 

33.4 

39.2 

43.8 

7-12 

40.0 

40.7 

27.0 

39.3 

38,6 

41,7 

39.1 

13-18 

42.0 

38.9 

38.1 

34.1 

31.3 

40.5 

30.2 

19-24 

32.6 

30.1 

29.5 

21.4 

22.5 

18.2 

30.4 

25^30 

19.4 

18.8 

23.6 

16.5 

18.9 

16.0 

30.8 

31-36 

28.1 

5.1 

21.9 

9.0 

22.6 

14.2 

19,5 


FiMES 


0-6 

17.5 

29.6 


25.6 


37.0 

• ■ « • 

7-12 

43.7 

40.3 

.... 

40.4 


40.2 


13-18 

38.3 

38.5 

.... 

36.1 


41.1 


19-24 

37.0 

23.3 

.... 

28.4 


32.4 


25-30 

27.9 

21.5 

.... 

22.7 


30.8 


31-36 

24.1 

3.4 

.... 

15.7 


32.6 



The data presented in tables 16 and 17 indicate that the effect of lime applied 
to the surface in sufficient amounts decreased the unsaturation of the soils. 
The amount of decrease varies more or less with the individual soil. Complete 
saturation can be expected only when the pH is above 8,3. 
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Penetration of lime as sh<yim by effect upon base complex 

The effect of 8 tons of lime upon the base complex was confined to the surface 
6 inches on fields E 4, E 5, E 3, and E 2 and to a depth of 2 feet on field E 1. 
The depth to which the line had reached was shown in two ways, first by an 
increase in the calcium and magnesium content, and second by a decrease in 
the hydrogen content and the degree of unsaturation (tables IS, 16, and 17). 
This effect was apparent on the surface of all plots which received heavy 
applications of lime. On the sand the changes extended deeper. 

Previously Rost and Fieger (25) in their work on the effect of lime on the 
hydrogen-ion concentration of these soils had observed the penetration of lime 
into the lower depths as shown by the change in the hydrogen-ion concentra¬ 
tion. They reported that the effect of an 8-ton application of limestone ex¬ 
tended to a depth of 12 inches upon fine-textured soils and to a depth of more 
than 3 feet upon the sand of field E 1. The penetration of the lime in these 
soils as determined by the changes in the exchange complex is not so great. 
It is possible, however, as a study of the data on the effect of lime will show, 
that in many cases as much as 2 tons of lime could penetrate into the lower 
depths of the soil and still not affect the exchange complex noticeably. From a 
comparison of the data obtained by Rost and Fieger on the hydrogen-ion 
concentration and that obtained in this study it would appear that the lime 
applied at the surface of any soil except sands has but a small effect upon the 
exchange complex below the depth of mechanical incorporation although it may 
affect the hydrogen-ion concentration to greater depth. 

Bujer capacity 

The effectiveness of lime as a corrective of acidity is limited by the buffer 
capacity of the soil. This is the inherent ability of a soil to resist changes in 
its hydrogen-ion concentration through the application of substances which 
would tend to either increase or decrease the hydrogen-ion concentration. 
Hoagland and Christie (10) have shown that this capacity is greater in fine 
textured soils than in coarse and that it will require less base to cause a definite 
change in reaction on a sand than on a fine textured soil. 

Various explanations of this phenomenon have been advanced by investiga¬ 
tors. The data from the five experimental fields indicate that the buffer capac¬ 
ity may be directly connected with and even dependent upon the base capac¬ 
ity of the soil. It is to be expected that 8 tons of limestone, regardless of 
whether it is applied upon a silty clay loam soil such as field E 4 or upon a 
loamy sand as in field E1, will produce a somewhat equal concentration in the 
soil solution. The ratio of this concentration to the unsaturation in the base 
capacity of a soil such as a loamy sand is much greater than it is on a fine tex¬ 
tured soil. In the former case, if an imsaturation of SO per cent be assumed, 
the lime has only to replace about 4 m,e. of hydrogen per 100 gm. of soil, since 
in sandy soils used in this study the exchange capacity is rarely over 8 m.e. 
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In the case of a sflty clay loam with an exchange capacity of 34 m.e. and a 50 
per cent unsaturation, the same amount of lime would have to replace at least 
17 m.e. of hydrogen per 100 gm. of soil. It should then be about four times 
as ejlective on the hrst soil as on the second if the lime is considered equal in 
its effective power in both cases. 

That such may be the case appears likely from a study of the effect of the 
8-ton application of lime stone upon the degree of unsaturation in the five 
experimental fields. The sample from field E 1 had the greatest unsaturation, 
50 per cent, and field E 4 had only 43 per cent. On other fields the unsatura¬ 
tion was less than 50 per cent. Despite the fact that field E 4 has less un¬ 
saturation than field E 1, the unsaturation is reduced only to 33.1 per cent. 
This field with the highest base capacity has been the least corrected in un¬ 
saturation by an 8-ton application of ground limestone. On field E 5 with 
the next highest base capacity, 32 m.e., the unsaturation was reduced slightly 
more, or from 37 per cent to 30 per cent. This decrease is on the plot which 


TABLE 18 

UnsahiroHon after B-ton application of lime and the exchange capacity of experimental fields 


FIELD 

EXCHANGE CAPAaTY 

XJNSATITXATZON AFTEE 
8-TON XJUE APPLIED 

DNSATUSAUON OKA 
COKTSOLFLOT 

SAKE ZK BtTFFEE 
CAPACITY BY 2 PER 
CENT CUBIC ACID 



percentE 

per cent E 


E4 

34.0 

33.1 

43.0 

1 

E5 

32.0 

29.6* 

37.0 

2 

E3 

27.5 

25.5 

47.0 

4 

E2 

24,0 

8.7 

39.0 

3 

El 

7.8 

0 

50.0 

5 


* 4-ton application of hydrated lime. 


received 4 tons of hydrated lime, the effect of this amount being equal to that 
of 8 tons of the finely ground limestone applied to the other fields. The base 
capacity on field E 3 is 27 m.e. and the degree of unsaturation was lowered by 
8 tons of lime from 47 per cent of 25.5. In field E 2 which has a base capacity 
of 24 m.e. a similar treatment decreased the unsaturation from 39 per cent to 
8.7 per cent. On field E 1, where the exchange capacity is 7.8 m.e., 8 tons of 
lime completely saturated the exchange complex. In table 18 are presented 
the fields in order of their decreasing exchange capacity. It will be seen that 
the imsaturation on the plots receiving 8 tons of lime is lowered least upon field 
E 4. 


Relation of unsaturation to crop response to lime 

From time to time the degree of unsaturation has been suggested as a 
measure of lime deficiency. Recently Turner (28) working on sugar cane 
soils has published a report in which he suggests using the unsaturation as 
determined by the method of Page and Williams as a measure of the lime re- 


fiom acMNca, yol. xxxni, no. 4 
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quirement. By this he estimates that about three times the amount of lime 
necessary to bring the degree of imsaturation to 30 per cent is required to 
produce a Tnarirmim effect. He found 30 per cent unsaturation to be the limit 
in his so-called “good soils.*’ Kappen also has set this value as the approxi¬ 
mate one at which no great response to lime may be expected. 

For a study of the problem the control plots from the 28 fields were used. 
The properties of the soils are shown in table 2. They were selected to show 
as wide a variation in the response of alfalfa to lime as possible. This range 
was from no response on such fields as D 6 to an increase in jdeld of 209 per 
cent on D 2. 

The data from this study do not indicate a close relationship between the 
degree of imsaturation of the soil and the response to lime (table 19). They 

TABLE 19 


Increase in yield of alfalfa from lime and degree of unsaiuraiion on 28 fields in 
soutfteastem Minnesota 


GLACIAL OUTWASH 

LOESS 

GLACIAL DEIFT 

Field 

Increase 
in yield 

Percentage 

unsatura¬ 

tion 

Field 

Increase 
in yield 

Percentage 

unsatura¬ 

tion 

Field 

Increase 
in yield 

Percentage 

unsatura¬ 

tion 


percent 



percent 



percent 


02 

89 

44.6 

L7 

207 

46.6 

D2 

209 

51.5 

04 

37 

42.5 

L8 

140 

48.0 

D 1 

98 

50.5 

El 

23 

50.0 

LI 

105 

29.5 

D4 

86 

46.5 

0 1 

11 

31.2 

L6 

87 

44.3 

E4 

59 

41.0 

05 

9 

51.7 

E3 

76 

44.0 

D7 

55 

37.6 

03 

0 

37.9 

L5 

48 

31.7 

D3 

36 

41.6 


,. 

.... 

LIO 

46 

40.4 

D8 

24 

14.6 


,, 

.... 

L3 

36 

39.1 

D5 

23 

45.0 


.. 

.... 

L2 

22 

39.4 

E5 

19 

37.0 


,, 


E2 

20 

39.0 

D6 


32.7 



.... 

L4 

17 

50.9 



.... 



.... 

L9 

3 

21.8 



.... 


rather indicate that the relationship is general and that it holds more nearly 
in the more responsive soils. That is, of those which gave a definite response 
to lime only 4 out of 19 had an imsaturation of less than 39 per cent, and of 
those above 40 per cent unsaturated 14 of 16 showed decided responses. On 
the other hand the least unsaturated soil in the group, field D 8, with an un¬ 
saturation of 14.6 per cent, gave what may be termed a definite response though 
not a large one. In the soils which did not respond markedly the correlation 
between the crop behavior and the unsaturation is less. Of the nine soils 
in this group six had unsaturation of 37 per cent or above, two had 50 per cent. 

To sum up, the unsaturation as an indication of crop behavior is of doubtful 
value on soils which show little unsaturation. Of those which show unsatura¬ 
tion of 40 per cent or above this study would indicate that about 85 per cent 
may be expected to give definite returns from lime. 
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SUMMARY 

A Study was made of the exchangeable bases in the soils of 28 fields in south¬ 
eastern Minnesota. It included an investigation of the amount of replaceable 
bases, the degree of unsaturation, and the effect of lime upon the exchange 
complex and degree of unsaturation. The relationships existing between the 
unsaturation and the hydrogen-ion concentration and its relation to crop be¬ 
havior with lime were also studied. 

The soils were selected from experimental and demonstration fields of the 
University of Minnesota. From the demonstration fields only samples from 
the untreated plots were used, whereas from the experimental fields samples 
from plots receiving 1, 2, 3, 4, and 8 tons of lime as well as from the control 
plots were taken for analysis. The response of alfalfa to lime varied widely. 
The texture of soils ranged from loamy sand to silty clay loam. 

The Gedroiz O.OS N hydrochloric acid method was used to determine re¬ 
placeable base, Bradfield’s method using the NH 4 OH—^NHtCl buffer method 
for replaceable hydrogen, and the electrometric method, for the hydrogen-ion 
concentration. 

The base capacity ranged from very low, 6.7 m.e., on the loamy sand to high, 
48.0 m.e., on the silty clay loam. On all fields except the loamy sands and one 
silty clay loam the moisture equivalent was almost identical with the number of 
milliequivalents in the base capacity per 100 gm. of soil. Any marked textural 
change was noticeable in the base capacity. 

The replaceable bases determined in these soils were calcium, magnesium, 
and hydrogen. The calcium was from three to six times as great as the mag¬ 
nesium and together they average 60 per cent of the total replaceable base. 
The magnesium appeared to be less affected by varying amounts of hydrogen 
present. 

The content of replaceable base decreased from the surface downward. 
The decrease was about 2 m.e. of hydrogen and 2 of calcium in the second 6 
inches and on soils developed on outwash and glacial drift there was a similar 
decrease in the second foot. On soils developed on loess there was somewhat 
less decrease below the first 6 inches. The magnesium remained more or less 
constant throughout the profile. 

The degree of unsaturation in the surface soils varied widely but was gen¬ 
erally high, averaging about 40 per cent. In most cases it was equally high in 
the second foot, but in the third foot there was a marked decrease. 

The relationship of unsaturation to hydrogen-ion concentration was only 
general. Usually the more unsaturated soils had a lower pH. In the range of 
hydrogen-ion concentration from a pH of S .8 to a pH of 6.2 there were wide 
variations in unsaturation. When the pH approached the neutral point the 
unsaturation was rather uniformly low. 

/ An application of 8 tons of limestone an acre increased the total base capacity 
on four of the five experimental fields. Upon only one, E 2 , did an amount 
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less than 8 tons produce any increase, but on this the 4-, 3-, and 2-ton rates 
were effective. 

Limestone increased the replaceable calcium and magnesium somewhat in 
proportion to the amount applied, and in most cases the increase in calcium 
and magnesium exceeded the decrease in replaceable hydrogen. On fine tex¬ 
tured soils it was necessary to apply at least 3 or 4 tons of finely groimd lime¬ 
stone before any definite effect on the exchange complex could be observed, 
but on the coarse textured soil the effect of 1 ton was discernible. 

The lime application decreased the degree of unsaturation more or less in 
proportion to the amount applied. On the loamy sand 8 tons of limestone 
caused complete saturation with a pH of 8.3. 

The penetration of lime as observed by its effect upon the replaceable bases 
was not detected below the surface 6 inches except on the loamy sand. There 
it appears to have reached to the lower part of the second foot. 

The buffer capacity of these soils was closely correlated with the exchange 
capacity. More lime was required to produce an effect on fine textured soils 
with high capacity than to produce an equal effect on coarse textured soils 
with a low exchange capacity. 

The use of the degree of unsaturation as an indication of the crop response 
to be expected from lime is of doubtful value. If the soil is more than 40 per 
cent imsaturated the chances are that there will be an increase from 
in about 85 per cent of the cases. However there were a considerable number 
of soils having rather low unsaturations which gave quite as great a response to 
Hme. 
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S. C. VANDECAVEYE 
WasMngkm Agricultural Experiment StiUiotfl 
Received for publicatiaii October 24,1931 

Better results have often been obtained by applications of aniTnal manures 
to various t 3 rpes of virgin peat soils than by addition of like amounts of the 
same available plant-foods in the form of commercial fertilizers. This fact 
has favored the viewpoint held by those who maintain that the natural micro¬ 
bial activity in peat is low or totally absent and the most valuable effect of 
stable manure on peat is due to the microbes in the manxire* Waksman’s (17) 
review of the literature on the occurrence and abundance of micro5rganisms in 
peat bogs and his own work in this connection afford conclusive evidence that 
the microorganisms naturally present in peat soils play an important part in 
the transformation and liberation of plant-food. Those who maintain that 
the introduction of the bacterial flora of stable manure brings about greatly 
changed microbiological activities in soil have never offered really convincing 
proof of their contention. On the other hand, the many unsuccessful attempts 
to change soil flora by additions of cultures of certain microorganism s^ or mdx- 
tures thereof, are evidence against such claims. 

According to Tacke (12) the addition of stable manure to lowmoor peat has 
a favorable effect in promoting the liberation of available plant-food. Waks- 
man (17) ascribes this effect to the increase in available carbon compounds with 
a suggestion that it might be due also to the microflora in the manure. That 
the liberation of plant-food in certain virgin peats supporting the growth of 
grasses, and therefore seemingly well supplied with available carbon compounds, 
is sometimes greatly stimulated by the addition of stable manure suggests a 
beneficial effect from the microflora introduced by the manure. However, Bar- 
thel and Bengtsson (1) concluded that microorganisms added with the manure 
are of no practical importance in normal mineral soils, since in their work 
sterilized manure acted in the same manner as unsterilized manure. In view 
of the divergence of opinion regarding this subject the work presented in this 
paper was undertaken in an attempt to ascertain the effect, if any, of the micro¬ 
flora of stable manure and also the effect of stable manure, wheat straw, and 
certain fertilizers on the microbiological activities in a virgin peat soiL 

^ The assistance of John Bkby and M. C. Allen in the microbiological analysis in this 
work is gxatefiiUy acknowledged. 

* Published as Scientific Paper No. 199, College of Agriculture and Bbcperiment Station, 
State College of Washington, ^vision of agronomy, soils section. 
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EXPEKIMENTAL PROCEDURE 

The peat for this investigation was obtained from a virgin area near Everett, 
Washington, in T 29N, R 5E., Section 22, adjacent to a cultivated field in the 
same bog. It is a poorly decomposed, woody-sedge peat, reclaimed by diking 
about 15 years ago, and resembling that of the Monroe type described by Dach- 
nowski-Stokes (4). Its reaction determined by means of the quinhydrone elec¬ 
trode in a suspension of one part of peat to five parts of distilled water was pH 
4.3. Qualitative determinations for available plant-food in the surface 8-inch 
layer revealed only a trace of phosphorus with 0.2 N nitric acid and showed that 
this layer is low in replaceable calcium and potassium as determined by means 
of neutral salt replacement. Crop yields on the unfertilized peat under cul¬ 
tivation are poor and improfitable but may be increased many times by appli¬ 
cations of manure or phosphate fertilizers. Applications of nitrogen or potash 
fertilizers alone or in addition to phosphate fertilizers do not result in any 
marked increase in 3 deld. It is evident that phosphorus is the l i m itin g plant- 
food for crop production and must be supplied to this soil to obtain good crop 
growth. 

In the fall of 1929 a representative quantity of this virgin peat taken from 
the surface 8-inch layer in the field was shipped to the laboratory, air-dried 
sujfl&ciently to permit pulverization by rubbing, passed through a 16-mesh 
sieve, and thoroughly mixed. Under these conditions the moisture content 
was 18.1 per cent whereas that of the completely air-dried peat was 7.65 per 
cent. Unnecessary drying was avoided in order to prevent destruction of the 
microbial flora as much as possible. Water was added to the pulverized peat 
to make its moisture content equivalent to that of the field soil, which was 
approximately 200 per cent at optimum conditions for tillage operations and 
plant growth. A preliminary determination with a small sample of the pulver¬ 
ized material showed its water holding capacity had decreased as a result of 
drying and pulverization and it was found necessary to adjust its moisture 
content to 180 per cent instead of 200 per cent to obtain optimum moisture 
conditions. Following the addition of moisture the soil was allowed to stand 
for one week to assure uniform moisture distribution and as far as possible the 
normal resumption of the microbiological activities. For the first experiment 
six portions, each consisting of 1,000 gm. of moist peat, were thoroughly mixed 
with the various ingredients added for experimental purposes and were placed 
in wide-mouth bottles connected with an absorption train for carbon dioxide 
determinations. The carbon dioxide evolution was determined daily during 
the first week when microbiological action was greatest and less frequently 
thereafter, the interval between determinations being gradually increased until 
it was seven days beginning with the fourth week. Nitrate nitrogen, ammonia, 
and the number of fungi, actinomyces, cellulose decomposing bacteria, Azoto- 
bacter, and total bacteria were determined periodically. The moisture con¬ 
tent of the peat was maintained at 180 per cent by addition of water when 
necessary. The treatment of the various lots of peat was as follows: 
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Number €(f ^ 

sample Treatment per gm. IfiOO motsi peat 

1 Check 

2 0.7 gm. superphosphate(16.5 per cent) 

3 7 gm. manure (air-dried) 

4 7 gm. manure plus 0.7 gm. superphosphate 

5 7 gm. sterilized manure plus 0.7 gm. superphosphate 

6 7 gm. wheat straw plus 0.7 gm. superphosphate 

The rate of application of these materials was equivalent to 600 pounds 
superphosphate, 10 tons of manure, and 3 tons of straw per acre based on the 
acre volume of the surface 7 inches of peat. 

The manure was mediumly decomposed stable manure containing 2.04 per 
cent nitrogen on the dry basis. That used for sample S was sterilized in the 
autoclave at 15 pounds pressure for 2 hours on two successive days. Sufficient 
sodium nitrate was added to the finely ground wheat straw to make its nitro¬ 
gen content equal to that of the manure. 

At the end of 68 days the peat soil in all the bottles was inoculated with 25 
cc. of a 1:5 suspension of Palouse silt loam known to contain an abundance of 
nitrifying bacteria and Azotobacter as well as other soil microbes. This was 
done to ascertain the effect of inoculation with the microflora of a fertile mineral 
soil on various microbiological activities in peat. 

At the end of 129 days a second experiment was started to determine the 
effect of lime on nitrification and other microbiological activities in these vari¬ 
ously treated peats. Because frequent sampling during the first experiment 
had decreased the volume of the soil in the bottles to a considerable extent it 
was considered advisable to combine the contents of two bottles into one pre¬ 
vious to making lime applications. The arrangement was as follows: 

Si? 

1 1 and 2 2 per cent CaCOj on dry peat basis 

2 2 and 4 check 

3 5 and 6 2 per cent CaCOs on dry peat baas 

The calcium carbonate was thoroughly mixed with the peat, the latter being 
placed in the bottles, which were coimected with a CO 2 collection train, and 
the same determinations were made as in the first experiment. 

METHODS OE ANALYSIS 
Sampling 

Samples of peat for analysis were obtained by passing the contents of each 
bottle through a 6-mesh screen on a large cloth, mixing further by rolling the 
sou back and forth on the cloth before removing the required quantity for 
analysis. This method insures thoroughly mixed, representative samples, 
and at the same time, prevents the tendency toward possible anaerobic con¬ 
ditions developing in the lower part of the bottles. After the samples were 



282 


S. C. VANDECAVEYE 


removed, the peat was returned to the bottles and packed by gently tapping the 
bottles on a table. The samples for the various analyses were spread evenly in 
a thin layer on paper and air-dried in the laboratory. This process of drying 
required only a few hours. All determinations were made on air-dry peat and 
the results calculated on the basis of dry peat. 

Microbiological analysis 

The direct microscopic method of Conn (3) was adopted for the determina¬ 
tion of the total number of bacteria. Fungus spores and mycelia were not 
included in the counts. 

The numbers of fungi, actinomyces, cellulose decomposing bacteria, and 
Azotobacter were determined as separate groups by plating on selective cul¬ 
ture media. The fungi and actinomyces were determined from soil suspen¬ 
sions by the dilution plate method. Counts were made on duplicate plates 
and the numbers averaged for computation. The nutrient medium for fungi 
was potato extract agar adjusted to approximately pH 3.2 to 3.4 by addition 
of sterilized 0.1 N citric acid to the agar medium at the tune the plates were 
poured. The actinomyces were grown on Waksman’s (13) albuminate agar 
adjusted to pH 8. Silica gel plates IS cm. in diameter were prepared as a 
substratum for the growth of Azotobacter and cellulose decomposing bacteria 
according to the method of Waksman (14). No duplicate plates were used 
for these organisms. Winogradsky's (18) nutrient solution for the growth of 
Azotobacter was used according to his direction, and Waksman's (14) nutrient 
solution and a sheet of filter paper superimposed upon the silica gel were used 
for the development of cellulose decomposing bacteria. The air-dried peat 
was spread evenly over the surface of these plates at the rate of 300 gm, per 
plate. All plates were incubated at 27®C, and the colonies of the respective 
groups of microorganisms counted at the end of the incubation period. 

Chemical analysis 

Total nitrogen was determined by the Kjeldahl method. Ammonia and 
nitrate nitrogen were determined on water extracts, nitrate nitrogen by the 
phenol-disulfonic add method, and ammonia nitrogen by Nesslerization ac¬ 
cording to the official and tentative methods of the Association of Official 
Agricultural Chemists (8). The carbon dioxide collected in the NaOH solu¬ 
tion of the absorption train was determined according to the method of Heck 
(7). Total carbon was determined by wet combustion using the method of 
Friedemann and Kendall (S). Unless stated otherwise the pH was determined 
by means of the quinhydrone electrode in a suspension of one part of soil in 
five parts of distilled water. 

EXPEEIMENTAL RESULTS 

Before the different portions of peat were mixed with the various ingredients 
and placed in bottles the separate groups of microorganisms, carbon, nitrogen. 
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and reaction were determined on the moist peat and on the air-dried nnsteril- 
ized manure in the ma nn er described in the foregoing. The results of these 
determinations are given in table 1, 

It is interesting to note that Azotobacter were present in this peat although 
its reaction was pH 4.3, which is much more acid than the arbitrary limits set 
by Gainey (6), who concluded that very few soils more acid than pH 6 contain 
Azotobacter. To make sure that their presence in this soil was not due to 
accidental contamination separate, fresh samples from the field were examined 
and similar results obtained. Unpublished data obtained in this laboratory 
show that the occurrence of small numbers of azotobacter in western Washing¬ 
ton soils that are more acid than pH 5.5 is not unusual. Whether the activity 
of the Azotobacter in these acid soils has any practical significance remains to 
be determined, but the fact that they are present under these adverse conditions 
is not without interest. 


TABLE 1 

DeUnmnations on original peal and manure hosed on dry material 


dxixxminatzon 

FSAT 

I 

ICANUSX 

Bacteria per gram. 

769,537,000 

1,871,000 

2,760 

92 

3,747,239,000 

20,000 

640,000 

Fungi per gram... 

Actinomyces per gram. 

Cellulose decomposing bacteria per gram. 

350 

Azotobacter per gram... 

18 

None 

Per cent N... 

1.93 

2.04 

Per cent organic C..... 

37.10 

37.34 

P.p.m. NOa.... 

116.00 

35.10 

P.p.m. NTT 5 . 

243.30 

Trace 

pH. 

4.3 

8.4 



There was an abundance of microbrganisms in the moist peat after it had 
been allowed to stand for one week, showing that microbrganic life was active. 
Probably the diying and subsequent wetting of the soil had caused a temporary 
stimulation of the general microbiological activities and especially of the de¬ 
velopment of bacteria, since the latter suffered a sudden reduction soon after 
the experiment was started as will be noted later. In this connection it may 
be recalled that the bacteria were determined by direct microscopic counts, and 
therefore, their number would be expected to be considerably larger than if 
they had been determined by the plate method, for colonies counted on plates 
may result from groups of cells as well as from single cells. Furthermore, not 
all cells develop in the media used, because no one nutrient medium has ever 
been invented that is suitable for growth of all the different species of bacteria 
in the soil. Although results obtained by direct microscopic counts are not 
entirely free from criticism, nevertheless, they probably give a more accurate 
index of the actual number of bacteria in soil than do plate coimts. 

It is noteworthy to observe the impressive number of bacteria and the abun- 
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dance of actinomyces and fungi in the air-dried, unsterilized manure* The rate 
of application of this manure was equal to 1.93 per cent of the dry weight of 
peat. Thus the actual numbers of the various microdrganisms added to the 
peat by means of unsterilized manure comprised approximately 73,460,870 
bacteria, 392 fimgi, and 12,389 actinomyces per gram of dry peat. This is an 
appreciable increase which shoxild be reflected in subsequent microbiological 
analyses during the course of the experiment if the introduction of the micro¬ 
flora of the manure has any marked effect upon the microbiological activities 
in the peat. 


TABLE 2 

Carbon dioxide evolution 


Expressed in mgm. of carbon per 100 gm. dry peat 


DAYS 

SAlfPUC 1 

SAMPLE 2 

SAMPLES 

SAMPLE 4 

SAMPLES 

SAMPLE 6 

1 

10.5 

9.5 

17.0 

14.7 

21.5 

22.2 

2 

12.7 

13.3 

19.8 

19.5 

23.0 

28.2 

3 

11.4 

10.3 

12.8 

14.8 

14.3 

19.7 

4 

9.7 

9.3 

12.S 

13.3 

13.9 

I 15.8 

5 

10.9 

11.9 

12.8 

12.9 

11.2 

12.9 

6 

9.8 

9.3 

11.3 

11.2 

11.8 

1 12.5 

8 

18,7 

19.5 

22.7 

23.5 

24.8 

1 24.7 

11 

29.5 

30.7 

36.3 

38.0 

39.4 

! 39.8 

14 

25.5 

27.0 

32.8 

32.2 

33.5 

33.3 

19 

36.8 

44.4 

44.2 

46.7 

45.3 

40.3 

26 

48.3 

58.8 

62.0 

67.5 

65.5 

60.8 

33 

34.1 

36.8 

38.2 

37.5 

37.2 

39.4 

40 

37.3 

44.0 

55.5 

53.7 

52.7 

59.0 

47 

47.5 

55.8 

64.3 

68.2 

64.3 

90.3 

54 

45.8 

48.3 

64.6 

68.0 

54.8 

82.5 

61 

16.8 

39.2 

64.0 

59.8 

51.0 

63.5 

68 

39.4 

36.5 

61.4 

48.9 

45.8 

44.8 

75 

36.4 

33.6 

56.0 

39.6 

40.4 

31.3 

82 

30.2 

29.4 

47.6 

38.3 

33.9 

26.3 

89 

30,8 

40.4 

47.9 

38.1 

28.4 

27.6 

103 

37.6 

35.7 

53.9 

40.6 

47.5 

35.7 

Total. 

579.7 

643.7 

837.6 

787.0 

760.2 

810.6 


Experiment 1 

To acquire a more comprehensive conception of some of the changes taking 
place in the peat as a result of the various treatments the author measured the 
total microbiobgical activities by the carbon evolved as carbon dioxide as 
well as by the changes in ammonia and nitrate nitrogen and the changes in 
numbers of the various groups of microorganisms as specified in the experimen¬ 
tal procedure. Most of these changes were expected to take place most rapidly 
during the early part of the experiment, at least in the soils to which organic 
residues had been applied. For this reason carbon dioxide determinations and 
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microbiological aiial 3 rses were made frequently during this period and less 
frequently later. The results of the carbon dioxide determinations are given 
in table 2. From a consideration of the total amounts produced by the vari¬ 
ously treated peats it may be noted that the application of superphosphate to 


TABLE 3 


Total bacteria per gram of dry peat 
(Last three figures omitted) 



sample 2 stimulated the evolution of CO 2 slightly, whereas the application of 
manure to samples 3,4, and 5 and of wheat straw to sample 6 caused a marked 
increase in CO 2 production. As would be expected, this increase was greatest 
during the first dew days of the experiment, as represented graphically in figure 
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2 for treatment 6. Although the shape of the carbon curve would be similar 
for all treatments, the high points in the curve would be considerably lower in 
treatments 1 and 2 where no manure or straw was applied than in the samples 
that had received manure or straw. Available carbon and nitrogen compounds 
appeared to be the controlling factors, since the amount of CO 2 produced in the 
peat treated with straw compared favorably with that of the peats treated with 
stable manxire. No significant difference in CO 2 production existed as a result 
of'sterilization of the manure. 

The numbers of total bacteria, fungi, actinomyces, cellulose decomposing 
bacteria, and Azotobacter determined at each sampling are given in Tables 3, 


TABLE 5 

Celhdose decomposing hacteria and azotobacter per gram of dry peat 


CELLtlLOSE SSCOICFOSINO BACTESZA IN SAMPLES 


AZOTOBACTES IN SAMPLES 


DAYS 



1 

1 ^ 

3 

4 

s 

6 

1 

2 

3 

4 

5 

6 

0 

92 


92 

92 

92 

92 

18 

18 

18 

18 

18 

18 

4 

0 


202 

83 

0 

9 





,, 


8 

0 


55 

74 

28 

55 





,, 


14 

9 


0 

55 

18 

92 

9 

18 

9 

9 

18 

9 

19 

202 


92 

55 

0 

175 







26 

37 

18 

no 

147 

129 

18 





BH 


33 

0 

28 

83 

193 

166 

0 





HH 


40 

37 

83 

74 

166 

156 

0 





mtm 


47 

55 

23 

74 

51 

97 

92 





BH 


54 

14 

23 

28 

14 

28 

32 





BB 


61 


147 

74 

156 

239 

9 





BB 


68 

230 

74 

120 

386 

175 

46 





BB 


75 

9 

37 

55 

92 

74 

18 

0 

9 

9 

9 

18 

0 

82 

83 

74 

83 

92 

46 

46 

,, 

. • 

, , 


,, 


89 

37 

28 

37 

55 

92 

74 

28 

0 

0 

0 

0 

28 

103 

... 

... 


... 

... 

... 

0 

0 

37 

0 

0 

28 

Average... j 

59 

56 



89 



9 

I 


7 

11 

17 


4, and 5. The most striking feature in these data is the sudden decline in 
numbers of bacteria in contrast with an equally sudden increase in numbers of 
fungi and actinomyces during the first 4 days of the experiment. The num¬ 
bers of fungi remained relatively high for 2 weeks and gradually declined there¬ 
after. The rapid increase in numbers of actinomyces continued for 8 days but 
was followed by a sudden drop and at the end of 3 weeks by a general but 
fluctuating rise reaching a second high peak at approximately 60 days. The 
numbers of cellulose decomposing bacteria and especially of Azotobacter were 
too small to have any significant bearing upon the results. 

Apparently the large number of bacteria present at the time the experiment 
was started was the result of an abundant supply of readily available nutrients 
brou^t about partially by pulverization, but more especially by the drying 
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and subsequent wetting of the peat. This excessive food supply was soon ex¬ 
hausted, thereby causing the sudden drop in numbers of bacteria. The fungi 
and actinomyces, which are known to be capable of utilizing the more complex 
carbonaceous compounds to secure their energy, were not affected by the de¬ 
pletion of the readily available nutrients but were abundantly supplied with 
food suitable for their needs and therefore multiplied rapidly in proportion to 
the amount of food available. These results make it appear that the bacterial 
flora in this peat was able to compete successfully with the fungi and actino- 
myces as long as the readily available nutrients were present in abundance, and 
lead to the suggestion that bacteria as well as fungi take a prominent part in 
the decomposition of the readily available carbonaceous compounds in the 
organic matter. 

Judging from the number of bacteria foimd on the fourth day of the experi¬ 
ment it seems that relatively few of the 73,460,870 bacteria added per gram of 
dry matter in samples 3 and 4 by means of unsterilized stable manure had sur¬ 
vived, and even this effect was only temporary in nature, as in subsequent 
determinations the number of bacteria in these two samples and in the others 
was similar. A general analysis of the data relative to separate groups of 
microorganisms at each determination and comparison of these with the aver¬ 
age number of each group throughout the experiment and with the total 
amount of carbon dioxide evolved as a result of each treatment clearly indi¬ 
cate that the microflora in the stable manure added to this virgin woody-sedge 
peat had no significant effect upon either the number of microorganisms or 
their activities. The results obtained from the samples treated with unsteril¬ 
ized manure, sterilized manure, and wheat straw in addition to superphosphate 
are comparable, as may be seen in figure 1. Naturally, the decomposition of 
wheat straw and manure could hardly be expected to proceed in exactly the 
same manner because there are distinct differences in the composition of the 
nitrogenous and carbonaceous compounds in the two substances. According 
to Waksman and Diehm (IS), the chemical complexes of the animal excreta, 
which usually make up a large part of stable manure, have been modified 
materially by passage ^ough the digestive tract of animals and therefore the 
excreta have been enriched in lignins and proteins. It is shown in figure 1 
that the numbers of bacteria, and fungi, at the beginning of the experiment were 
lowest in the straw treatment. The average numbers of bacteria as given in 
table 3 for these three samples was also lowest in the straw treatment, but the 
average number of actinomyces and the total microbiological activities as 
measured by the liberation of CO 2 were greatest, so that the sum total of the 
microbiological activities for these three treatments may be considered to be 
comparable. Evidently the effect produced by these organic residues was due 
to their available carbon and nitrogen compounds. Barthel and Bengtsson’s 
(1) results obtained from the addition of unsterilized and sterilized stable man¬ 
ure to mineral soil and those obtained here are similar, and their contention 
that the microorganisms added with the manure are of no practical importance 



288 


S. C. VANDECAVEYE 


in the decomposition of organic matter in normal soils was substantiated in 
this experiment in so far as virgin peat is concerned. 

Nitrate nitrogen and ammonia were determined regularly at each sampling 
and the results are summarized in table 6. It may be observed that with the 



Fig. 1. B AciEBiA, Fungi, and Actinomyces in Peat Treated with Unstesilized Manure, 
Sterilized Manure, and Wheat Straw in Addition to Superphosphate 

possible exception of sample 6, nitrification was rather slow. The maximum 
amount of nitrate nitrogen accumulated at any one time was 80 parts NOs 
per million parts of diy peat whereas the average accumulation of NOa dur- 
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ing the entire course of the experiment was only 20 p.p.m. The results of 
Sievers and Holtz (11) show that under similar conditions the accumulation of 
nitrate nitrogen in fallow, mineral soil containing less than one-tenth as much 
total nitrogen as the peat was approximately twice the amount liberated in 
peat during the same period of time. This indicates that nitrification in the 
peat soil proceeded slowly considering the abundance of ammonia accumulated 
and, therefore, available at all times for nitrification by the nitrifying bacteria. 
The exception in sample 6 may be accounted for in part at least by the nitrate 
nitrogen added with the straw, as its original total nitrogen content, which 
was 0.25 per cent, was increased to equal that of the manure by addition of 
NaNOs. Since certain types of microorganisms are able to carry on their 

TABLE 6 


NOz and NBz in p.p.m. hosed on dry peat 


DAYS 

SAMPLE 1 

SAMPLE 2 

SAMPLES 

SAMPLE 4 

SAMPLE 5 

SAMPLE 6 


NO, 

NH, 

NO, 

NH, 

NO, 

NH, 

NO, 

NH, 

NO, 


NO, 

NH, 

0 

94.3 

197.8 

94.3 

197.8 

94.3 

197.8 

94.3 

197.8 

94.3 

197.8 

94.3 

197.8 

4 

99.8 

2S9.7 

108.1 

249.5 

97.0 

187.6 

83.2 

187.6 


mml 

266.2 

187.6 

8 

33.0 

196.5 

37.2 

196.5 

37.2 

186.4 

45.5 

206.6 

35.8 

175.4 

137.7 

180.9 

14 

85.1 

166.8 

106.4 

166.8 

79.8 

166.8 

79.8 

155.2 

95.7 

161.9 

319.1 

161.9 

19 

169.2 

269.2 

143.6 


174.4 


160.0 

280.8 



sniaBl 

327.4 

26 

132.7 

49.8 

172.6 

137.2 

146.0 

158.2 

132.7 

149.3 

139.4 

141.6 

398.2 

141.6 

33 

142.7 


129.1 


129.1 

267.3 

129.1 

280.9 

122.3 


353.3 

229.9 

40 

147.7 


134.2 

302.0 

134.2 

335.6 

134.2 


134.2 


362.4 

318.8 

47 

140.1 

382.2 

140.1 

406.6 

133.8 

238.9 

133.8 

274.9 

133.8 

251.6 

369.4 

238.9 

54 

132.1 

260.0 

132.1 


132.1 

271.5 

119.5 

307.1 

122.6 

271.5 


235.9 

61 

133.3 

272.7 

157.6 


145.5 

272.7 

151.5 

272.7 

157.6 


424.2 

250.5 

68 


343.5 

109.8 

274.4 

115.8 

252.0 

109.8 

297.8 

115.8 

274.4 

341.5 

182.9 

75 j 


424.5 

113.2 

401.5 

■MrUt] 

471.7 

119.5 

471.7 

116.3 

354.3 

301.9 

388,9 

82 


217.6 

mnw: 

144.7 

90.0 

265.8 

96.5 

252.9 

99.7 

241.2 



89 


376.2 

94.0 

282.1 

94.0 

282.1 

87.8 

235.1 

99.2 


288.4 

188.1 


activities with ammonia as a source of nitrogen, it is likely that only a part of 
the nitrate nitrogen added with the straw was required for the microbiological 
activities and the remainder was recovered in subsequent analyses. 

The addition of either sterilized or unsterilized manure and of superphos¬ 
phate did not result in any appreciable increase m accumulated nitrate nitro¬ 
gen. Unless some indirect effect on nitrification occurred following the intro¬ 
duction of the microflora of the manure, accumulation of nitrate nitrogen as a 
result of the addition of the manure or of the wheat straw could hardly be 
expected during the course of the experiment, for, according to the work of 
Sievers and Holtz (10), applications of organic residues containing less than 
2.25 per cent nitrogen to soil do not result in nitrate nitrogen accumulation dur¬ 
ing a similar period of time. The fact that large quantities of ammonia were 
present in the peat at all times regardless of treatment suggests that the slow 
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rate of nitrification was due either to the relative inactivity of the nitrifying 
bacteria or to a deficiency in their number. It will be recalled that on the 
sixty-eighth day of the experiment 25 cc. of a 1:5 suspension of Palouse silt 
loam known to contain an abundance of nitrif 3 dng bacteria was added to each 
bottle. This inoculation failed to stimulate nitrification, as may be concluded 
from the data in table 6. In fact, an actual depression in accumulation of 
nitrate nitrogen occurred toward the end of the experiment but this was prob¬ 
ably due to dentrification. Although the inoculation of the peat with a soil 
suspension introduced numerous microorganisms other than nitrif 3 dng bac¬ 
teria, the microbiological activities in terms of CO 2 evolution or numbers in the 
various groups of microorganisms were not affected. 

Waksman and Stevens (16) called attention to the fact that in the decomposi¬ 
tion of ordinary soil organic matter the ratio of carbon liberated as CO2 to nitrate 
nitrogen accumulated as nitrate is about 10:1. In their work with Everglade 
peats they foimd this ratio to be entirely different, or 1.3:1 for sedementary 
peat, showing that in peat soil there is a rapid accumulation of nitrate nitrogen 
in comparison with the amount of carbon liberated as CO2. In later work the 
same authors (17) observed that different ratios existed in different peats, some 
of them much wider than the one suggested for ordinary soils. The ratio be¬ 
tween carbon evolved as CO2 and nitrogen accumulated as NOs and NHs in 
woody-sedge peat in this experiment fluctuated considerably at various times, 
but at the end of the experiment proved to be about 17:1 in the untreated peat, 
33:1 in the peat treated with unsterilized manure, and 37:1 in the peat treated 
with straw. The addition of sodium nitrate to sample 6 did not alter this 
relationship to any marked extent. This shows that available nitrogen prob¬ 
ably was not deficient in this soil, but that the carbonaceous compounds were 
either resistant to decomposition or the reaction and possibly the calcium con¬ 
tent of the soil were unfavorable for the promotion of rapid decomposition of 
these compounds. When large amoimts of carbonaceous plant residues low 
in nitrogen are applied to soils likewise low in nitrogen veiy little or no accu¬ 
mulation of soluble nitrogen occurs until the decomposition of the carbonaceous 
organic residue is well advanced. Therefore, it appears the ratio between 
carbon evolved as CQ 2 and soluble nitrogen accumulated in the soil is a variable 
function changing with the nature and quantity of carbonaceous compounds as 
well as with the nature and quantity of the nitrogenous compounds in the soil, 
other things being equal. For this reason Bedford’s (2) computation of micro¬ 
bial activities in soil on the basis of organic matter content is not applicable in 
all cases. It would seem that the degree of inverse relation he observed be¬ 
tween the number of microbes per gram of organic matter and the percentage 
of organic matter in the soil depends upon the nature of its carbonaceous com¬ 
pounds as well as upon the amount of organic matter. Likewise the inverse 
relationship he found between bacterial numbers per gram of organic matter 
and the total organic matter in a given quantity of soil is not strictly applic¬ 
able unless it is correlated with the nature of the organic matter. 
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Attention has already been called to the fact that crop production in tbis 
woody-sedge peat is poor unless some available phosphorus is supplied by 
means of manure or commercial fertilizer. It might be presumed that since 
crops respond so generously to the addition of available phosphorus, micro¬ 
organisms might react in a similar manner. In the peat treated with super¬ 
phosphate there was only a slight increase in the liberation of carbon as CO 2 , 
and no perceptible beneficial efiEect on nitrification or on the number of micro¬ 
organisms in the various groups was observed. Since it is possible that soil 
acidity was adverse to normal microbiological activity a separate experiment 
was designed to throw more light on this point. 

TABLE 7 

Carbon dioxide and total numbers of bacteria in peat 


(Last three figures for bacteria numbers omitted) 


DAYS 


BACIBSU -PSSL OSAU DEY PS\T IN S4UPLBS 

1 

2 

3 

1 

2 

3 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm 

0 




292,853 

191,m 

309,116 

7 

370.0 

50.7 

\ 358.9 

: 395,343 

358,016 

395,343 

14 

138.7 

51.3 

121.1 

432,854 

351,416 

476,690 

21 

151.9 

57.5 

146.4 




28 

116.8 

57.0 

114.5 

525,590 

325,386 

411,613 

42 

216.8 

98.6 

211.1 




57 

267.5 

49.3 

274.0 

540,139 

356,297 

505,974 

79 

273.2 

112.5 

287.2 




106 

285.8 

110.6 

313.5 


289,593 

587,321 

Total. 

1,820,7 

587.5 

1,826.7 

453,131* 

329,739* 

447,676* 

Carbonate C... 

90.0 

0.0 

91.5 




Organic C. 

1,730.7 

587.5 

1,735.2 










♦ Average. 


Experiment 2 

The methods employed in this experiment were essentially the same as in 
the previous one and the object was primarily to ascertain the effect of lime on 
nitrification and reaction, and also on the microbiological activities previously 
considered. As stated in the experimental procedure the contents of two 
bottles were combined into one, making three portions, two of which received 
2 per cent CaCOs and one of which, sample 2, served as a control. To make 
sure that an abundance of nitrif 3 dng bacteria and other members of the micro- 
flora of normal mineral soil be present, each portion of peat was reinoculated 
with 25 cc. of a 1; 5 suspension of a fertile Palouse silt loam. The results of 
the experiment are reported in tables 7, 8, and 9. Attention is called to the 
fact that 20 days elapsed between the two experiments, and during that time 
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the numbers of bacteria and fungi had decreased considerably. This may have 
been partly because of a reduction in moisture content, although in experiments 
of this nature when no additional organic matter is supplied a gradual decline 

TABLE 8 

Fungi and actinomyces per gram dry peat 


(Last three figures for fungi numbers omitted) 


DAYS 

TTTNOI IN SAMPIJCS 

ACTINOMYCES IN SAMPLES 


1 

2 

3 

1 

2 

3 

0 

616 

212 


3,680 

2,760 

4,600 

7 

672 

460 


21,160 

13,800 

17,480 

14 

552 

1,288 

460 

28,520 

8,280 

26,680 

21 

552 

92 

653 

30,360 

5,520 

22,080 

28 

580 

3,036 

497 

20,240 

5,520 

21,160 

42 

920 

1,748 

368 

12,880 

4,600 

14,720 

57 

736 

1,656 

350 

7,360 

3,680 

11,040 

79 

847 

1,472 

4DS 

10,120 

4,600 

12,880 

106 

773 

1,196 

350 

13,800 

6,440 

14,720 

Average... 

694 

1,240 



6,133 

16,151 


TABLE 9 

Cellidose decomposing bacteria, aaotobacier, NOz and NHz and reaction of peat 


DAYS 

CELLULOSE 
DECOMPOSING 
BACIESIA PES 
GBAM DEY PEAT 
IN SAMPLES 

AZOTOBACTEB 
PEE GSAM 
DEY PEAT IN 
SAMPLES 

NOs AND NHs IN SAMPLES 

pH— <JU1NHYDE0N 
SLECTEODE IN 
SAMPLES 

1 

2 

3 

1 

2 

3 

1 

2 

3 

NOi 

NH« 

NO» 

NHa 

NOa 

NHa 

B 


3 

Origi¬ 

nal 

peat 

0 

7 

14 

21 

28 

42 

57 

79 

106 

14 

9 

14 

37 

74 

106 

78 

87 

97 

14 

14 

0 

18 

41 

51 

37 

51 

37 

14 

5 

18 

28 

87 

129 

133 

152 

124 

18 

74 

83 

64 

37 

IS 

28 

18 

32 

18 

9 

28 

55 

46 

37 

0 

0 

0 

9 

46 

55 

83 

74 

32 

51 

64 

74 

p.p.m 

131.5 

65.0 

p.p.m. 

280 0 



p.p.m. 

64.0 



4.4 

4.3 


49.0 

560.0 

76.5 

380.0 

51.8 

















































833.5 

17.4 

611.9 

551.4 


110,0 

6.6 

6.3 

6.7 

6.5 

Aver¬ 

age... 

57 

31 

85 

41 

21 

54 






















in numbers of microorganisms and a proportional reduction in the liberation 
of CO 2 usually occur as time progresses. That this actually took place in the 
woody-sedge peat may be noted by comparing the average numbers in the 
various groups of microSrganisms and the total amounts of CO 2 liberated in 
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the untreated soil of the first experiment with those of the control soil in the 
second experiment. 

In calculating the total amount of carbon liberated as CO 2 in table 7 the 
carbonate carbon in the lime was determined in the limed soils and the amount 
of this carbon evolved during the experiment was deducted from the totals. It is 
shown that the addition of lime to the peat caused a three-fold increase in the 
amount of carbon liberated as CO 2 . Not all of this increase can be accoimted 
for by increased numbers of microdrganisms. Although limiTig resulted in 
nearly a threefold increase in numbers of actinomyces and in a marked in¬ 
crease in total bacteria the number of fungi was reduced approximately 50 per 
cent. The total average numbers of microorganisms comprising the various 
aerobic groups that were active in organic matter decomposition were actually 
less in the limed soils than in the untreated peat in the first experiment. If 
numbers of microorganisms as determined by the methods employed are a 
dependable criterion their activities as measured by CO 2 evolution must vary 
considerably according to environment. Evidently the addition of lime to 
woody-sedge peat stimulated the microbiological activities much more than 
the increase in numbers of microbes. Apparently the lime increased the work¬ 
ing capacity of individual organisms and possibly this action was more favor¬ 
able for the actinomyces and bacteria than for the fungi. This being the case 
it may be suspected that the major part of the increase in amount of carbon 
liberated was a result of the activity of actinomyces and bacteria, and not of 
fungi, as has been supposed generally. 

Liming also increased nitrification materially but caused a decrease in the 
accumulation of NOa and NHa combined. More nitrate nitrogen and less 
ammonia nitrogen accumulated in the limed soils than in the control but the 
increase in the amoxmts of NOa was not equivalent to the decrease in the 
amoimts of NH3 thus pointing to the possibility that only a part of the accu¬ 
mulated NBi in the limed soils was nitrified and some of it was lost by vola¬ 
tilization. 

The increased microbiological activity resulting from the application of lime 
caused a very marked change in the ratio of carbon evolved as CO 2 to soluble 
nitrogen accumulated. It will be remembered that in the first experiment this 
ratio was 17:1 for the untreated, 33:1 for the manured, and 37:1 for the straw 
treated peat. Sample 2 in the present experiment is comparable with the ma¬ 
nured peats in the first experiment but its ratio of carbon evolved to soluble 
nitrogen accumulated is 19.7:1. That of the limed soils is 85:1 and 57:1 for 
samples 1 and 3 respectively. By increasing the availability of the carbonace¬ 
ous compounds the ratio of carbon evolved to soluble nitrogen accumulated 
was widened beyond recognition, showing the extreme instability of this 
relationship. 

The addition of lime did not affect the number of cellulose decomposing bac¬ 
teria. Apparently woody-sedge peat is not a suitable medium for their de¬ 
velopment as their numbers remained small throughout the experiment. 
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Azotobacter seemed to be benefited by lime as their ntimber, though small, 
seemed to remain rather constant in the limed soils. It is apparent that the 
inoculation with the Palouse silt loam suspension increased the Azotobacter 
population of the peat but as may be noted from the data in table 9 its effect 
gradually disappeared from the control soil to which no lime had been added. 
Both the cellulose decomposing bacteria and Azotobacter were too few in 
numbers to be significant in the results of this experiment. 

It was expected that the addition of lime would decrease the acidity of the 
peat. The results of the pH detenninations at the beginning and at the end 
of the experiment are recorded in table 9. For some obscure reason the pH 
of the control peat at the end of the experiment had increased nearly as much 
as that of the limed soils. Fortunately some of the original pulverized, mois¬ 
tened peat was placed in bottles which were stoppered with cotton plugs 
and stored in a separate room. The data show that the pH of this soil also 
had increased and was similar to that of the limed soils. Separate colorimetric 
pH determinations gave identical results. The decomposition of organic acids, 
which may take place in organic soils through good aeration, can hardly ac¬ 
count for this great change in reaction. Since no logical reason can be offered 
for this phenomenon, the effects of lime on the microbiological activities in 
this soil cannot be attributed to changes in soil reaction. 

DISCUSSION 

The function of microorganisms in the transformation of organic matter in 
soil is a process of decomposition and synthesis. The rate of transformation 
depends upon many factors, chiefly moisture, temperature, aeration, food 
supply, and kind and number of microdrganisms. The data presented in this 
paper show that under the conditions of the experiments food supply was of 
greater importance than were microdrganisms. The microflora of the peat 
seemed to be adequate in numbers and in kind, because the introduction of the 
microfiora of stable manure or of Palouse silt loam into the peat soil had no 
perceptible effect upon the number and kind of its microdrganisms or their ac¬ 
tivities. Conversely, the food supply in the manure, consisting of readily 
available carbon and nitrogen compounds, greatly stimulated both numbers 
and activity of the microorganisms in the peat. 

Bedford (2) mentioned the fact that the numbers of microbrganisms of peat 
and mineral soils are wholly divergent when calculated upon the organic mat¬ 
ter content of the soil. It has been pointed out in this paper that the number 
and activity of microbrganism s are dependent upon the quantity of readily 
available carbonaceous and nitrogenous compounds in the organic matter as 
well as upon its total amount. Much of the organic matter in peat is extremely 
resistant to decomposition. The percentage of its total organic matter under¬ 
going rapid transformation is so sm a ll that it is hardly comparable with that 
whiA is undergoing rapid transformation in mineral soils, especially in those 
cultivated mineral soils that are annually supplied with fresh crop residues or 
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manure. The microflora of peat may differ from that of mineral soils in many 
respects independent of the total organic matter of the soil. A comparison of 
the microbiological activities of the woody-sedge peat to which wheat straw 
and sodium nitrate had been added with those of a fertile Palouse silt loam is 
graphically expressed in figures 2 and 3. The data for the Palouse silt loam 
were obtained in this laboratory in a separate experiment to be reported in a 
subsequent paper. This mineral soil contained 3.1 per cent organic matter, 
0.145 per cent nitrogen, and only a trace of nitrate nitrogen when the experi¬ 
ment was started. Its reaction was pH 6.9. As may be seen from table 1, 




JEio. 2. Carbon DioxmE Evolution and Nixrietcation in Palouse Silt Loam and Woody- 
sedge Peat Tbeated with Wheat Straw and Sodium Nitrate 

the woody-sedge peat contained over 60 per cent organic matter, 1.93 per cent 
nitrogen, 21 p.p.m. NOs, and its reaction was pH 4.3. Both soils received ap¬ 
proximately the same percentage of wheat straw and sodium nitrate. The 
differences in microbiological activities between the two soils are obvious. 
The sum of these activities measured in CO 2 evolution was greater in the peat 
soil than in the mineral soil. The reverse was true for the amounts of nitrogen 
liberated as NQ 3 . The numbers of bacteria and actinomyces were much larger 
in the mineral than in the peat soil but the opposite was true for the numbers of 
fungi. The sum of the average number of bacteria, fungi, actinomyces, and 





Fig. 3. Bacteria, Fiwoi, and Actinomyces in Paiodse Silt Loam and Woody-sedge 
Peat Treated yrcm Wheat Straw and Sodium Nitrate 


The ratio of carbon liberated as CO 2 to the nitrogen accumulated as NOg and 
NHg was 37:1 for peat and 7:1 for Palouse silt loam. Marked differences 
occurred in the amounts of carbon liberated and in the numbers of bacteria, 
fungi, and actinomyces. These axe variations existing between a mineral and 
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a peat soil, both receiving similar treatments and kept under identical con¬ 
ditions of aeration, moisture, and temperature. It is evident that the amount 
of organic matter, regardless of its resistance to decomposition or its composi¬ 
tion, is inadequate as a means for computation of microbial activities in soil. 

It has often been stated in the literature that a large part of the decompo¬ 
sition of organic matter in peat is a result of the action of fungi. Since fun^ 
were much more numerous m the peat than in the mineral soil referred to it 
might be supposed, and it frequently is, that a large part of the carbon liber¬ 
ated in peat in excess of that in the mineral soil, as shown in figure 2, may be 
accounted for by the action of fungi. It must be remembered that the adchtion 
of lime to the peat caused a threefold increase in CO 2 production and simul¬ 
taneously a 50 per cent decrease in numbers of fungi. This indicates that the 
comparatively large amount of CO 2 liberated from the peat cannot be explained 
on lie basis of fungous activity. 

Although the addition of lime stimulated CO 2 evolution it did not cause any 
increase in the sum of the average numbers comprising the vanous groups of 
microdrganisms as determined in these experiments. Waskman and Stevens 
(17) and Shunk (9) observed a similar increase in CO 2 production following the 
addition of lime to peat, but Shunk found a simultaneous increase in the num¬ 
ber of bacteria. It seems that the most important effect of the lime added to 
the woody-sedge peat was that of bringiog about certain changes whiA caused 
an increase in those carbonaceous compounds that are readily available for 
decomposition by the soil microflora. Although the total number of micro¬ 
organisms was not altered materially the relationship between groups of micrcv 
organisms was changed significantly. This relationship changed in ^ 
rection of that existing in the mineral soil, which presumably containe a 
large percentage of readily available carbonaceous compounds. Since both 
soils were well supplied with available nitrogen, it seems reasonable to suppose 
that the change in relationship in numbers between groups of microbrgamsms 
brought about by the addition of lime to peat was due primarily to an increase 
in readily available carbon compounds. 

SUMMARY 

A virgin woody-sedge peat was treated with unsterihzed stable m^ure, 
sterilized stable manure, wheat straw, superphosphate, sodium nitrate, an e, 

to study the effect of these substances on the numbers of various groups ot 
micro5rganisms and their activities. The numbers of microorganisms 
determined at regular intervals by means of direct microscopic counts an y 
counts of colonies developing on plates prepared with selective culture meto. 
Their activities were ascertained periodically by determinations 0 c^ on 
evolved as CCh and of nitrogen accumulated as NOs and NHs. The 
of stable manure, or wheat straw to which sodium nitrate had b^n o 

equal the nitrogen content of the manure, increased CO 2 evolution ^ 
the numbers in the various groups of micro5rganisms, except those of the ceuu- 
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lose decomposing bacteria and the Azotobacter. It also increased the accumu¬ 
lation of nitrates but not of ammonia. 

The microflora of unsterilized stable manure had no perceptible effect opon 
the numbers in the various groups of microorganisms in the soil or upon their 
activities. It was indicated that the beneficial effect of stable manure on the 
microbiological activities of the woody-sedge peat was derived from the readily 
available carbon and nitrogen compounds in the organic matter of the manure. 
Stable manure and wheat straw gave comparable results. 

The addition of superphosphate or sodium nitrate caused no material in¬ 
crease in the total number of microorganisms, or in numbers in the various 
groups of microorganisms, and had no marked effect upon their activities in 
the soil. 

The addition of lime greatly stimulated the liberation of CO 2 but did not 
cause any marked increase in total numbers comprising the various groups of 
microorganisms. It seemed to benefit Azotobacter to the extent that their 
numbers remained constant in the soil. It was apparent also that it caused an 
increase in the percentage of readily available carbon compounds in the organic 
matter of the peat as shown by a change in relationship in numbers between 
groups of microorganisms in the direction of that existing in a fertile mineral 
soil. 

The total numbers of microorganisms and the relationship of various groups 
of microorganisms in peat and in a mineral soil similarly treated are compared. 
It is indicated that the total number of microorganisms, the numbers in various 
groups, and their activities in peat and in mineral soil may vary in many 
respects. 
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Water is associated in various forms with the colloidal materials of soils: 

COMBINED WATER 

First we have the constitutionally combined water of the hydrous oxides of 
alu m i n um, iron, and silicon and their hydrous compounds. This water can 
be driven off only by strong ignition. The best available data showing the 
relation of this water to the composition of soil colloids are found in the work 
of Robinson and Holmes (18). It is believed that a further S 3 ^tematic study 
in this direction would yield important information in regard to the constitu¬ 
tion of the colloidal material, to its degree of hydrolysis, and to the relation 
of the latter to ion adsorption and exchange. The previously discussed iso¬ 
electric precipitates are therefore now being studied in respect to their com¬ 
bined water. 


HYGROSCOPIC WATER 

Next we have the surface attracted water or the hygroscopic water which 
is held by a powerful molecular attraction. This innermost film of water is 
subjected to a considerable compression, which has been estimated in the case 
of charcoal to a force equivalent to over 20,000 atmospheres (8). We may 
assume the heat of wetting to be a result of this compression. The compression 
is evident from the smaller apparent specific volume of colloids in water than 
in liquids like toluol and petroleum ether (16) in which the molecular attrac¬ 
tion and the resulting compression are weaker. 

The following figures for two of the soil colloids here studied are of interest. 
The figures are from the work of Anderson (l) and of Anderson and Mattson (2). 


SOXL COIXOID 

SiOa 

K>0> 

HEAT OF 
WETTING 
PER 
GRAM 

HsO 

ADSOBBEO 
OVER 30 
PERCENT 

HiSOi 

PER GRAM 
COIXOID 

SPECIFIC 

VOLUME 

IN 

WATER 

SPBOFiC 

VOLUME 

IN 

TOLUOL 

DIFFER¬ 

ENCE 

Sharks. 

3.11 

1.60 

calories 

16.3 

7.6 

B 

0.368 

0.369 

0.387 

0.379 

0.019 

0.010 

Norfolk.. 


1 Joumatl Series paper of the New Jersey Agricultural Eq)eiiment Station, department of 
soil chemistry and bacteriology. 
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It is seen that the heat of wetting parallels the hygroscopicity. The differ¬ 
ences in the specific volume in the two liquids indicate the volume contraction 
of the adsorbed water or rather the excess in the volume contraction of the 
water over that of the toluol. The figures are somewhat lower than the cor¬ 
responding values for starch as given by Rodewald (19). 

That the force of molecular attraction decreases rapidly as the distance in¬ 
creases is evident in various ways. Thus the surface tension of a film should 
show a decrease when the thickness of the film becomes less than twice the 
range of the molecular attraction. It was found by Rucker and Remold (20) 
that for water there was no decrease in surface tension before the thickness of 
the film was reduced to (== 1 X 10“® cm.). Again the vapor pressure 
of water droplets does not show an appreciable increase until their diameter 
falls considerably below Ijz, This in^cates that the surface of a droplet of 
this dimension is to the molecule like a plane surface, since within the range 
of molecular attraction there is no effective curvature. Edser (S) states that 
the force of molecular attraction varies inversely as the 8th power of the 
distance. 

The thing of interest in connection with our present subject is the quantity 
of water which is thus attracted to the surface of the colloid with the evolution 
of heat. The drier the colloid the greater is the quantity of heat liberated 
upon wetting. At what moisture content does the colloid cease to give off 
heat when wetted? The work of Rodewald (19) on starch showed the heat of 
wetting of this substance to be zero at a moisture content of 31.63 per cent, and 
Mitscherlich (15) found the heat of wetting of peat and of a heavy clay to 
approach zero at a moisture content of about 20 gm. of water in 100 gm. of 
dry soil. This moisture content is equivalent to the hygroscopicity of the 
materials. In soil colloids this varies with the composition and is in general 
higher the higher the ratio of silica to sesquioxides (2). The quantity of water 
thus attracted by molecular forces to the surface of colloids is therefore not 
very great, not nearly as great as the quantity of water that may, under certain 
conditions, be osmotically imbibed by the colloid. 

What then is the order of magnitude of this, the hygroscopic film of water 
which is so tenaceously held by the particles? If we assume a u^orm par¬ 
ticle size we can calculate the ratio r:ri where r is the radius of the solid 
particle and n the radius of the particle plus its layer of hygroscopic moisture. 

One gram of dry soil colloid, sp, gr, 2.65 occupies cc. — 0.378 cc. This 

would make a sphere with a radius 

//olre „ 

If the hygroscopic moistoe is 0.2 cc. per gram dry soil colloid, e.g., the ap¬ 
proximate value for the Sharkey soil colloid, then our 0.378 cc. solid sphere 
would be covered with this water and we would have a 0.578 cc. sphere with a 
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radius fi — 0.518 cm. In 1 gm. of soil colloid there are billions of particles 
but if they were all spheres of uniform size the ratio r:ri would be the same, or 
448:518. If, therefore, we knew the particle size we would know the approx¬ 
imate thickness of the film. 

By ultramicroscopic count the Sharkey soil colloid, dispersed by ammonia, 
yielded an average particle radius, of 4SiUiu (2). If this were the ultimate size 
then the average thickness of the film would be about 52 — 45 = Imi, But 
by electrodialysis, by saturation with NaOH, and by diffusion through a 
Pasteur-Chamberland filter the author later estimated, by comparing the 
volume of floe of the Na-saturated Sharkey with the volume of floe of the 
ammonia treated colloid (11), a particle radius of 26 fifjL. (The Na-satu- 
rated particles were not all visible in the ultramicroscope.) If we take this as 
the ultimate size of the particles then we find by the foregoing ratio a thick¬ 
ness of the film equal to about 4 jujli. 

Although this estimate of the thickness of the hygroscopic moisture film is 
based on several assumptions it is significant that the order of magnitude is 
very nearly the same as that arrived at by P. Ehrenberg (6). Basing his 
conclusions upon theoretical considerations as well as upon a rich array of 
experimental data this authority fixes the thickness of the hygroscopic moisture 
film at 2,Sjxn or equal to about 10 molecules of water, Mitscherlich accepts 
the thickness of the film as given by Ehrenberg and uses it as a basis for cal¬ 
culating the total surface of a soil (16). 

The thickness of the film of molecularly attracted water (ri — r) must there¬ 
fore be considerably less than the radius of the particles. In the Na-saturated 
condition certain soil colloids swell and imbibe so much water that, on the 
same basis of calculation, the thickness of the water envelope is nearly twice 
the radius. That this very great but less powerful inbibition of water is due 
to osmotic forces will be shown later. 

The expansion or swelling of a porous material resulting from the intake of 
the molecularly attracted water is manifested by great energy. Thus Rode- 
wald (19) found that it required 2073 kgm. per cc. to prevent dry starch from 
swelling in the presence of water. Because of the loose structure of soils the 
swelling resulting from the intake of the molecularly attracted water is not so 
marked. The great force of expansion of dry wood when wetted is a familiar 
example of the energy of this form of swelling. 

As to the nature of this innermost film of molecularly attracted water we 
have no definite knowledge. The molecules of water in this film occupy prob¬ 
ably an oriented position as distinguished from the random distribution in the 
interior of the mass of water. The water adsorbed by molecular attraction 
must therefore possess different properties as compared to free water. It is 
more dense and must have a different viscosity or, indeed, be quite rigid like a 
solid, especially in the innermost layers. It does not freeze even at-^^O^C., as 
shown by the work of Bouyoucos (4). The dielectric constant is probably 
also different. The electrical polarity in this oriented layer of water molecules, 
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if known, would probably explain why air bubbles and all inert substances, 
which do not dissociate diffusible ions, become negative in water. By virtue 
of this polarity the distribution of the OH and H ions of the water may be such 
that the former will predominate within the adsorption film and thus impart a 
negative charge, not to the particles (or the air in the air bubbles) but to their 
surrounding film of adsorbed water whereas an excess of H ions charges the 
outside liquid to positive. The dissociation constant of water may even be 
different from that of free water, in which case the process of hydrolysis may 
be greatly modified. 


CAPILLARY WATER 

Apart from any molecular attraction or osmotic force (see the following) a 
certain quantity of water will be held in the fine capillaries of the soil or col¬ 
loid by virtue of the surface tension. Since the water wets the soil with great 
energy and thereby covers each particle with a thin film and siuce the surface 
tension tends to reduce the surface to a minimum it is obvious that water will 
be pulled up agamst gravity and fill the finest capillary spaces. 

The height h to which water will rise in a circular capillary may be calculated 
from the familiar equation; 

g ^ T Irr 

where T is the surface tension in d 3 mes per centimeter hence 

, IT 
h =» — cm. 

rg 

The height to which water will rise against gravity varies therefore inversely 
as the size of the capillaries. The force with which water is held in the most 
minute capillaries is quite enormous. Thus Lebedeff (9) found that water 
could be removed from all the soils which he studied up to a centrifugal force 
equal to 18,000 times the force of gravity. Between 18,000 and 70,000 X 
gravity the moisture content remained almost constant and represented the 
molecularly attracted, or hygroscopic water, being about 6 per cent in the 
Sassafras silt loam and about 31 per cent in a clay soil. The last water to be 
removed by the centrifuge is probably somewhat subjected to the force of 
molecular attraction and is therefore not entirely free capillary water held by 
the surface tension alone. 

The free capillary water which is held or lifted up in the capillaries solely 
by the force of surface tension must exert a contracting and a downward pull 
tending thereby to reduce the distances between the particles and oppose any 
tendency to swell. The function of the capillary water is therefore opposite 
to that of both the hygroscopic water and the osmotically held water, which 
cause the absorbent to swell. The energy of swelling due to the molecularly 
attracted water is so great that any opposition offered by the downward pull 
of the capillary water becomes insignificant. The energy of swelling due to 
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osmotic imbibition is rather small. The opposing force of the downward 
capillary pull is here more equally matched and keeps the osmotic swelling in 
check. Thus if a Na-saturated soil colloid in the process of imbibition is 
required to lift the water against gravity, as when placed in a funnel provided 
with a stem several feet long, the swelling is greatly reduced. 

The study of the capillary forces in dispersed materials will show no definite 
relationship between the various factors unless a completely inert powder is 
used. In the case of reactive materials like soils which dissociate diffusible 
ions we shall encounter an osmotic imbibition. These osmotic forces will 
extend across the minutest capillaries and part way across the larger ones. 
The force by which the water is held or the height to which it is lifted is there¬ 
fore by no means an expression of the capillary forces alone. Under certain 
conditions the capillary forces are altogether eliminated. The Na-saturated 
soil colloids not only completely fill all capillary spaces, by osmotic imbibition, 
thus destroying every meniscus, but their particles are pushed a considerable 
distance apart. The particles become suspended, so to speak, in the osmoti- 
cally imbibed liquid, in cushions of their “micellar solutions.” We shall now 
turn our attention to this form of water. 

THE WATER OF OSMOTIC IMBIBITION 

The various forms and fimctions of soil water discussed in the foregoing 
pages have long been more or less definitely defined and have been the subject 
of an extensive study by many investigators. This cannot be said about the 
water of osmotic imbibition, which forms the main object of our present study. 
Where this form of water has been recognized it is because it could not have 
escaped recognition, producing as it does in many instances the most conspic¬ 
uous effects. The forces with which it is associated in the soil have never been 
accounted for nor have its functions ever been formulated. This may not 
have been possible without the conception of the soil colloidal micelle as pre¬ 
sented in the preceding articles (12). 

Soil colloids saturated with alkali cations have, because of their great swell¬ 
ing, been classed as lyophillic colloids as distinguished from the lyophobic 
behavior of the same materials when saturated with divalent cations (7). 
But no satisfactory explanation of this influence of the nature of the exchange¬ 
able ions has been given. It has been suggested that the imbibed water rep¬ 
resents the water of hydration of the ions. But apart from the fact that the 
imbibed water is often much too great to be thus accounted for there are other 
reasons which make this explanation unacceptable. These will be brought 
out later. 

The enormous swelling exhibited by certain samples of bentonite has been 
ascribed to a micaceous structure, a “one-dimensional” colloid. The bento¬ 
nites and many of the soil colloids apparently contain plate-like crystals but 
it is difficult to see why this should be a necessary condition for swelling and 
other colloidal properties. As far as the surface is the controlling factor we 
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should expect a greater effect if the particles were reduced to colloidal dimen¬ 
sions in two directions, that is, if the platelets were cut into narrow bars, where¬ 
as the greatest effect would be produced by a ^'tri-dimensional^' colloid, that 
is, by cutting the bars into cubes. 

In the first of this series of articles it was explained how we may account 
for the swelling as an osmotic phenomenon (12). If the colloidal particles 
dissociate diffusible ions they will be surrounded by a swarm or atmosphere of 
these ions. The electrostatic attraction will prevent these ions from diffusing 
very far away from the surface of the particle which, through the dissociation, 
has become a highly multivalent ion complex of opposite charge. This means 
that the osmotic pressure will be higher near the surface of a particle than it is 
in the outside medium. The ion density in the micellar atmosphere appears 
to decrease rapidly with the distance from the surface. The osmotic pressure 
and the force with which water is imbibed are therefore much greater the lower 
is the water content of the geL We shall show later that a definite relation¬ 
ship exists between the pressure and the water content. 

A highly dissociated cation such as the Na ion must cause a greater swelling 
of a negative colloid than when the latter is saturated with a less dissociating 
ion like the Ca ion. This is well known to be the case. Further, the addition 
of electrolytes must, according to the Donnan equilibrium, suppress the swell¬ 
ing of the colloid. This suppression diould be governed by the concentration 
and by the valence of the ions of the free electrolyte in the solution. This re¬ 
lationship was experimentally verified in the work referred to. 

To avoid too much repetition we shall confine ourselves to the following dia¬ 
grammatic presentation which the author has found useful in making clear 
the application of this theory to the colloidal micelle: 

In figure 16 are shown two spheres representing a Na-saturated and a Ca- 
saturated micelle. The noicelle consists of the colloidal particle or ion complex; 
the atmosphere of dissociated, diffusible ions; and the osmotically imbibed 
water. The relation between the size of the particles and the thickness of the 
layer of osmotically imbibed water, as shown m the figure, was calculated from 
the volume occupied by 1 gm. of the Na- and Ca-saturated Sharkey soil colloid 
after complete mbibition of water. The respective volumes were 7.25 and 
1.86 cc. If we assume a specific gravity of 2.65 and that the particles are 
spherical and all of the same size, we get the relationship shown in the figure. 

The very great imbibition of water by the Na-saturated colloid as compared 
to that of the Ca-saturated material is to be ascribed to a greater dissociation 
of the Na ions. This causes a greater osmotic pressure around the particles, 
which are therefore pushed further apart by the greater osmotic inflow of water. 

The swelling of the soil colloid saturated with any cation will be at a maxi¬ 
mum in the absence of free electrolytes. To illustrate how the free electrolyte 
causes a suppression of the swelling we shall choose a specific case and confine 
ourselves to the simplest effect, that of a uni-univalent salt. 

Let Vi, fi^e 16, represent a small volume within the micellar solution of a 
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Na-saturated colloid and Vo an equal volume in the outside solution. Assume 
then that the concentration z of the micellar ions, i.e,, ions dissociated by the 
particles, is such that there is an average of 12 ions in Vi. If there were no 
free ions in the dispersion medium (an ideal case never realized) then the 
osmotic pressure would be directly proportional to z and would be at a 
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Fio , 16. The Donnan Distribution of Ions Between the Micellae and the 

Outside Solutions 


Now let the total outside solution be equal to the total micellar solution so 
that Vo and vt represent the same fraction of each and suppose that we add so 
much of a uni-univalent salt, e.g., NaCl, to the system thatif equally distributed 
there would be 6 cations and 6 anions in Vo and an equal number in Ui, or to¬ 
gether 12 ions of each kind in Vo and vu What will be the ultimate distribution 
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of the ions of the added salt at equiHbriiiin and how will this distribution ajBFect 
the difference in osmotic pressure between vi and Vo7 
According to the principle of a constant ion product the distribution must 
foflow the Donnan equation, which, in application to the case here studied, de¬ 
mands that the product of the ions in Vi must equal the product of the ions in 
Vo thus 


ajS « y (y + g) 

where x is the concentration of each of the ions of the salt in Vo and y is the 
concentration of these ions in whereas a is the concentration of the Na ions 
dissociated by the complex. 

To satisfy this equation the figure shows that at equilibrium there would be 
4 cations and 4 anions of the added salt in ©i and 8 of each of these ions in Vo* 

In regard to the second question we note that by su mmin g up all the ions 
in Vi and all the ions in Vo we find an excess e = 4 ions in vi whereas in the ab¬ 
sence of any free electrolyte the excess ion concentration in Vi was equal to 12, 


TABLE 87 

Swelling of henUmile and the Sharkey soil colloid 
Volume of gel in cubic centimeter per gram 
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i.e., since x and y are then both equal to zero, e — z. The greater we make x 
and y the smaller will be e as compared to s, and since the excess osmotic 
pressure in vi is proportional to e it follows that the osmotic swelling of the 
colloid will be suppressed by the addition of a salt and that the greater the 
concentration of the salt the ^eater will be the suppression. 

We shall now study the imbibition of water by soil colloids and see if we can 
harmonize the foregoing theory with our observations. 

THE OSMOTIC SWELLING AS GOVERNED BY THE NATURE OE THE EXCHANGEABLE 

CATIONS 

That the swelling of bentonite and of soil colloids depends upon the nature 
and quantity of the exchangeable cations present rather than upon any par¬ 
ticular structure was shown by the author some years ago (11). The swelling 
of the colloidal materials was studied as follows: Burettes were cut into lengths 
of S-cc. capacities and the ends ground even. These tubes were placed in an 
upright position on a few pieces of filter paper on glass slides and held in that 
position by means of rubber bands. Half a gram of the material which had 
passed through a SO-mesh sieve was placed in each of the tubes and the latter 
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were then placed in a shallow dish containing sufficient distilled water to 
moisten the paper on which the material was resting. Water was imbibed 
through capillary rise and the volume occupied by the thoroughly wetted 
material was recorded as the swelling. The swelling of variously treated 
bentonite and the Sharkey soil colloid is shown in table 87. 

By electrodialysis the bentonite lost its great swelling power. When the 
electrodialyzed bentonite was saturated with NaOH its power to swell was re¬ 
stored. In the K-saturated condition the swelling was intermediate between 
that of the Na-saturated and the H-saturated (electrodialyzed). The original 
bentonite contained no exchangeable divalent cations. The swelling of the 
bentonite is shown in figure 17. 



Ibiireated H-Saiumied 

Fig. 17. The Swelling of Bentonite in Relation to the Nature of the Exchangeable 

C.\TIONS 


It was then found that if the Sharkey soil colloid was electrodialyzed and 
saturated with NaOH it developed a swelling power almost equal to that of 
bentonite. 

The difference in the influence of Na and Ca upon the swelling of the Sharkey 
soil colloid is strikingly illustrated in plate 1. The electrodialyzed colloid 
was saturated with NaOH and Ca(OH )2 in various proportion, a total of 0.80 
m.e. per gram being taken. This quantity represents the exchange capacity 
of the colloid. Half-gram portions of the prepared samples were placed in a 
series of nine cylinders and allowed to imbibe water as described. The relative 
proportions of the two cations is shown in the figure where 100 represents full 
saturation. 

The volume occupied by 1 gm. colloid after complete imbibition increased 
from 1.86 cc. of the Ca-saturated colloid to 7.10 cc. at full Na-saturation. A 
marked increase in swelling seems to take place after 20 per cent of the ex- 
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changeable Ca has been displaced by Na. This increase in swelling was ac¬ 
companied by an increase in dispersibility and in the negative charge of the 
particles as shown in a previous publication (11). 


OSMOTIC SWELLING AND THE CATION EXCILVNGE CAPACITY 

A very fundamental relationship was then observed. When NaOH was 
added in small increments to various electrodialyzed soil colloids it was found 
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Fig. 18. The Relation Between Swelling, Composition, vnd Ekch\nge Capacity 


that the swelling increased to a certain maximum and then again decreased. 
In all cases the swelling was at a maximum when the quantity of NaOH added 
was equal to the exchange capacity of the colloid. An excess of free electrolyte 
suppressed the swelling. It was further observed that the maximum swelling 
the colloid attained depended upon the cation exchange capacity. The higher 
this capacity the greater was the swelling and vice versa. Lateritic soil col¬ 
loids possessing a very low cation exchange capacity show practically no in¬ 
crease in swelling in the Na-saturated condition. (The capillary spaces be- 
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tween the particles are evidently suflSicient for the slight osmotic imbibition in 
these materials.) In figure 18 are shown the volumes occupied by the gel of 
1 gm. colloid (110®C. basis) to which various quantities of NaOH have been 
added. The figure includes three soil colloids representing low, intermediate, 
and high cation exchange capacities. 

Although the figure shows the differences most clearly, table 88 will be useful 
in showing {a) the volumes occupied per gram by the powdered (SO-mesh), 
air-dry, electrodialyzed colloids after gentle tamping; (J) the volumes occupied 
by the gels per gram colloid in the electrodialyzed condition; and {c) the volumes 
of the gels per gram colloid when saturated with NaOH to the extent of their 
exchange capacities. 

The experiment shows an unmistakable relationship between the power of 
soil colloids to adsorb and exchange cations and their power to imbibe water. 
The Nipe colloid with the very low exchange capacity of 0.04 m.e. per gram, 
showed practically no tendency to swell. Undoubtedly some water is osmot- 


TABLE 88 

The relation hetmeen exchange capacity and swelling 
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0.80 

1.12 
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ically imbibed even by this colloid but where the imbibition is very small it 
will be accommodated by the spaces between the particles in the porous mass 
of the material. 

THE SUPPRESSION OF THE SWELLING BY ELECTROLYTES 

It was shown in section I of this series (12) that, according to the osmotic 
equation deduced from the Donnan equilibrium, the swelling must be sup¬ 
pressed by the free electrolyte and that this suppression is governed wholly 
by the concentration and by the valence rule as explained. The swelling will 
also be suppressed, independently of any free electrolyte, whenever a highly 
dissociating cation (in a negative colloid) is displaced by a slightly dissociating 
cation. In this relation the Hofmestier series (which is governed by the spe¬ 
cific nature of each ion and not alone by the valence) becomes manifest. Thus 
the swelling will be suppressed when Na is displaced by K and K by Ca. 

We have seen that the A1 and Fe ions will displace the exchangeable cations 
and that the complex thus formed has suffered a decrease in exchange capacity. 
The A1 and Fe ions are not again displaceable by the neutral salt treatment 
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Fig. 19. The Suppeession op the Swelling op Na-SATUXATED Shabzey Colloid by 

Various Electrolytes 

tion of the colloid, (Their linkage to the silicate valences may, however, be 
unlocked by hydrolysis in an alkaline medium,) We would therefore expect 
the greatest suppression of the swelling as a result of displacing the Na ions 
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by A1 and Fe ions. The A1 ions should be the most efficient ones because we 
have seen that this ion causes the greatest decrease in the exchange capacity, 
the Fe combination being too readily hydrolyzed (13). 

Figure 19 shows the suppression of the swelling of the Na-saturated Sharkey 
colloid by the addition of Ca(OH) 2 , CaCl 2 , FeCls, and MCh at the rate of 
0.125, 0.25, 0.05, and 1.0 m.e. per gram colloid. Comparing the effect of the 
three chlorides we note that CaCU causes a slightly greater suppression in the 
two lowest concentrations. If these differences are real they may be accounted 
for by the practically complete hydroxidation of the first small quantities of 
AlCls and FeCls by the alkali-saturated colloid. Where 0.5 m.e. of the 
chlorides is added we find the following suppression of the swelling 

A1 > Fe > Ca 

Where 1.0 m.e. is added per gram colloid the swelling is suppressed to 1.7 cc. 
by A1 and Fe and to 1.85 cc. by Ca. This represents, however, no exact mea¬ 
sure of the true osmotic imbibition because the colloid plus the capillary water 
will occupy a certain irreducible volume. The osmotic imbibition may there¬ 
fore be less than indicated by the smallest volume of the gels. 

It is important to note that Ca(OH) 2 , in the proportions used, caused a far 
snaaller suppression of the swelling than do the chlorides. The Ca(OH) 2 - 
treated colloid contains excess base and has an alkaline reaction. But after 
the Ca(OH )2 was added to the Na-saturated colloid the latter was exposed to 
the air during the drying. The hydroxides, Ca(OH )2 and NaOH (the latter 
formed by displacement), must therefore be largely converted into carbonates. 
The CaCOs, being only slightly soluble, does not appreciably suppress the 
swelling as a free electrolyte, and because of the low Ca ion concentration in 
the solution there will be only a moderate displacement of the Na ions in the 
complex. The result is that the complex remains highly saturated with so¬ 
dium and retains therefore to a great extent its capacity to swell. This em¬ 
phasizes the fact long recognized that lime is not the proper agent to be used 
for improving the condition of alkali soils, 

RELATION BETWEEN PRESSURE AND WATER CONTENT 

If a suspension of a soil colloid is placed on a filter sufficiently fine to retain 
the particles, a certain amount of the water will be removed by gravity while 
another portion of the water will be retained by the colloid. The quantity of 
water thus retained will depend upon the cation exchange capacity of the col¬ 
loid and upon the nature of the ffisplaceable cations. The quantity of water 
retained by the colloid will also be affected by the presence of electrolytes and 
by the valence of the ions as demanded by the Donnan equation (12). A 
bentonite, which has an exchange capacity of about 1 m.e. per gram retains in 
the Na-saturated condition, nearly 9,5 cc. of water per gram solid material 
At this water content the suspension has already assumed the consistency of a 
gel. This is remarkable in view of the fact that the solid phase (sp. gr. = 2.65) 
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occupies only about one twenty-fifth of the volume of the gel. If spherical 
particles of uniform size are assumed their distance apart would be nearly four 
times their radius. 

The water which is removed by gravity represents the free, outside or in- 
termicellar solution whereas the water which is retained within gel constitutes 
the micellar solution. The latter is more or less rigidly held by the osmotic 
force created by the micellar ion atmosphere. When the free, intermicellar 
solution is removed the micelles come into intimate contact and are no longer 
free to move about. In place of a viscous fluid there results, therefore, a more 
or less rigid gel. 


TABLE 89 


QuanHHes of water, in cMc centimeter per gram oven4ry (1I0°C,) material, retained hy bentonite 

gel against diferent pressures 
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1.11 
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1.07 

2.06 

61.0 

2.71 

10.70 

1.02 

2.03 

70.0 

2.57 

10.62 

0.99 

2.01 


To remove any part of the micellar solution, pressure must be applied and 
this pressure must be equal to the opposing osmotic pressure. In the first of 

this series of papers (12) it was shown that the ratio of -, that is, the Doiman 

y 

distribution of the free electrolyte, increased rapidly with a decrease in the 
water content of the gel. This indicates a rapid increase in the micellar ion 
concentration (z) as we pass from the outermost to the innermost layers of the 
ion atmosphere. The pressures required to remove successive quantities of 
water from the gel should therefore increase in the same proportion and should 
represent the osmotic pressure at various ^‘depths” in the micellar atmosphere. 

In order to determine the relationship between the pressure and the water 
retained by the gel the following experiment was performed. A thick, yet 
fluid, suspension of bentonite containing 100 gm. solid matter in 1,500 cc. water 
was prepared. Portions of this suspension were placed in Buchner funnels 
with fused-in sintered filter discs of fine porodty. By means of a vacuum 
pump and a mercury manometer the pressure in the filter flasks was kept at 
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the desired point by frequent adjustment until no more water was removed 
from the gel. The water was caught in a narrow graduated test tube placed 
inside the flasks. Evaporation was prevented by covering the funnel with a 
rubber stopper into which a glass tube, drawn at the upper end into a very fine 
capillary, was inserted. The water remaining in the gel at the various pres¬ 
sures was determined by drying at 110°C. 

The results are shown in table 89, in which the fiirst column gives the pres¬ 
sures in centimeters of mercury. The second column gives the number of 



Fig. 20. The Relation Between the Volume or Water {w) per Gram Bentonite 
^Also Between the Thickness op the Water Envelope op the Particles, 

AND the Pressure (P) Applied 

cc. of water retained by one gram oven-dry colloid. The third column gives 
the products oiw^P where P = pressure and w = water as given in the 
preceding columns. The fourth column gives the thickness of the osmotically 
imbibed water envelope in terms of the radius r of the particles which are as¬ 
sumed to be spherical and of uniform size. These values are derived as fol¬ 
lows: 1 gm. dry colloid, sp. gr. = 2.65, represents a solid sphere = 0.378 cc. 
with a radius r = 0,448 cm. The volume v of the gel is 0.378 -f- cc,; fi is the 
radius of a sphere of volume v. The radius ri represents, therefore, the radius r 
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of the solid sphere plus the thickness of the water envelope which is n — r. 

In terms of r as a unit of measure the thickness of the water envelope is ^ 

If now the individual particles were aU spherical and of the same size this re¬ 
lationship would remain the same. Although this is only an approximation, 
it may he assumed that the ratio of the thickness of the water envelope at the 
various water contents to the “average effective radius’’ is very nearly propor¬ 
tional to the values in column four. The fifth column gives the product of the 
thickness of the water envelope and the sixth root of the pressure. 

It will be noted that the pressure necessary to remove more water from the 
gel increases rapidly as the water content decreases. With the exception of 
the two lowest pressures the mathematical relationship is such that the cube 
root of the pressure multiplied by the water content is equal to a constant, the 
average value of which is 10.70. The increase in pressure is therefore inversely 
proportional to the cube of the water content. Since the volume of a sphere 
is proportional to the cube of the radius this would mean that the pressure 
increases inversely as the sixth power of the radius or as the sixth power of the 

distance from the solid surface. It will be seen that the-values when 

f 

multiplied by the sixth root of the correspondiug pressures 3H[eld approximately 
constant values, except, as before, in the case of the first two figures. 

If log P is plotted against log w on the one hand and against log — on 

the other, as in figure 20, straight lines with a slope of 3 and 5.6 are respectively 
obtained. It should be pointed out that the cubes of the values n — r, which 
represent the thickness of the water envelopes, are only approximately pro¬ 
portional to the volume of the water, the deviation becoming greater the lower 
the water content. The slope of the corresponding line is therefore less than 6. 

The range over which this water and pressure relationship holds has not 
been determined. Equipment for this study is now being procured and the 
results will be reported later. 


INTERNAL PRESSURE 

At high water content of the gel, the product decreases rapidly; 

the gel does not imbibe as much water as is demanded by the relationship. 
To explain this let us briefly review the theory of the imbibition. It is assumed 
that the force which opposes the applied pressure is (above a certain moisture 
content where water exists outside the range of molecular attraction), an 
osmotic force created by the ions dissociated by the coUoidal particle. These 
ions tend to diffuse in all directions but are held in check by the electrostatic 
attraction of the oppositely charged colloidal ion complex which forms the 
nucleus of the ion atmosphere. It is this attraction which limits the swelling 
or osmotic imbibition, which would otherwise take place until the osmotic pres¬ 
sure was the same throughout the system, that is, until the distribution of the 
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ions was equalized. The electrostatic restraint upon the diffusion of the dis¬ 
sociated ions constitutes therefore an internal pressure which acts in opposition 
to the osmotic pressure. This internal pressure appears to equal about 1.5 
cm. of mercury or about 0.02 of an atmosphere as determined by extrapolation 
of w-^P = K. 

It will be recalled (12) that by applying the osmotic equation 2y + z — lx ^ 
e to the distribution of ions between the inside and outside solution of a bento¬ 
nite gel after complete imbibition of NaCl solutions the value of e was nearly 
constant in all cases and equal to a concentration of about 0.0008 molar 
(compare table 3). This corresponds to about 0.02 of an atmosphere, which 
is the same as here estimated from the water content-pressure relationship. 
There exists therefore at equilibrium a residual osmotic pressure which is 
unable to cause a further imbibition of water. If there were no opposing force 
the gel would swell until a = 0. But this would lead to an equal distribution 
of the micellar ions and to their separation from the colloidal ion complex. 
This is, however, prevented by the electrostatic attraction which reaches a 
critical maximum when the micellar ions have diffused out into the surrounding 
medium a certain average distance. An equilibrium is then establidbed and 
the gel will swell no more. It is significant that this theoretical deduction is 
supported by two so different experimental methods which both yield the same 
approximate values in terms of osmotic pressure. In its electrical equivalent 
t]^ internal pressure expresses itself in the potential difference of the double 
layer, that is, the electrokinetic potential. 

DEPRESSION 01* THE FREEZING POINT 

Bouyoucos (3) found that the depression of the freezing point of soils in¬ 
creased in a geometric progression whereas the percentage of water decreased 
in an arithmetric progression. If we plot the logarithms of the depressions 
against the logarithms of the water content per gram soil as reported by 
Bouyoucos we get approximately a straight line with a slope not very different 
from that of the corresponding graph in figiure 20. This is exactly what we 
should predict on the basis of the theory here presented. But Bouyoucos 
gives another interpretation. He does not recognize the existence of a micel¬ 
lar ion atmosphere but believes that the depression of the freezing point is 
entirely due to the soluble electrolytes of the soil. To explain the geometric 
instead of an arithmetric progression of the depression he assumes that a por¬ 
tion of the water held by soils is unfree or unavailable to act as a solvent. 
Thus if IS per cent water is rendered inactive as a solvent by a clay, then at 
40 per cent moisture content there would be 25 per cent available, and at 20 
per cent moisture content only 5 per cent would be available to dissolve the 
salts. The soil solution would then be five times instead of twice as concen¬ 
trated at the lower moisture content. 

This view, which has been adopted by some investigators, is, in the author’s 
opinion, unsatisfactory. If the molecularly attracted water cannot act as a 
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solvent how then can we account for the almost instantaneous reaction of 
soils with ions as in base exchange reactions? Bouyoucos’ assumption might 
be tested in several ways. Ji his explanation is correct there should be no 
increase in the depression if, as in our present experiments, the various moisture 
contents were arrived at by withdrawal of the solution by pressure instead of 
adding decreasing amounts of water to the dry soil as was done. Secondly an 
electrodialyzed soil free from diffusible electrolytes might be used. In either 
case our present theory would demand a geometric progression in the increase 
of the freezing point depression. 

It is true that the hypothesis of Bouyoucos would account for the “negative 
adsorption’’ which we have here explained on the basis of the Donnan distri¬ 
bution. But it will not account for the valence effect nor for the effect of the 
concentration of the free electrolyte unless we make the very improbable as¬ 
sumption that the quantity of “unfree” water varies accordingly. The fact 
that the “negative adsorption,” the swelling, the quantities of water retained 
against various pressures, the viscosity (and, it might be predicted, the de¬ 
pression of the freezing point) are directly related to the quantity and the 
nature of the diffusible ions in combination with the colloid indicates that all 
these phenomena, and many others, axe functions of a colloidal ionogen. The 
hydration of the ions, on the basis of which some investigators would account 
for the lyophiUic behavior of colloids, is here held to exert an indirect effect in 
that the most highly hydrated ions undergo the highest degree of dissociation 
by the complex. The effect of the concentration and valence of added electro¬ 
lytes upon these functions can be satisfactorily accounted for only by the 
Donnan equilibrium. 

THE COMPOSITION OF THE MICELLAR SOLUTION 

We have seen that the micellar solution must be less concentrated with 
respect to free electrolytes than the outside or intermicellar solution. This 
enables us to make some very interesting predictions which have in part been 
verified and which are in part under investigation. 

The first deduction is that if, by pressure, we remove the micellar liquid 
from a fully imbibed colloid, in equilibrium with the outside solution, we shall 
find the concentration (y) of the expressed solution lower than the concentra¬ 
tion (pc) of the (outside) solution which runs off under the influence of gravity 
alone. Further, if the micellar ion concentration (z) increases rapidly in the 
direction of the interface then the concentration of the ions of the free elec¬ 
trolyte win decrease in the same direction. The expressed solution should 
therefore become more and more dilute as we increase the pressure. 

We may choose any ion and, if it be the H ion, we should find an increase in 
pH of the expressed liquid as the pressure is increased.® This wrill at first sight 

* This is true only as far as free add is present. If the medium is alkaline the pH of the 
expressed liquid must decrease. The same distribution law holds of course for the and 
ions of the water as well as for any extraneous ions, but since [H+l'[OH"’] » Kv the 
dissociation of the water will be aflected by removal of the latter from the micellar solution. 
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seem like a paradox, for we have long known that a moist negaiive coUcid or 
its suspension reacts more acid than its extract. Figure 21 will, however, 
serve to explain the apparent contradiction. It represents a section {a) of a 
particle, (b) of the micellar solution, and (c) of the outside solution. Th^ 
complex exists partly in combination with H ions which undergo a certainJ 
degree of dissociation, diffuse into the micellar solution, and establish a con¬ 
centration gradient indicated by the size of the letter 0 . In the solution there 
are also a certain number of free H ions which are paired with diffusible anions. 
At equilibrium the equation 


X? « y 4 - 2) 

must be satisfied no matter which part of the S 3 rstem we consider. Where 0 is 
larger y must be smaller. The y concentrations must therefore grow smaller, 
as indicated by the size of the letter y in the figure. 


PatticLe. Miccllay Solution Outaidesalution 



Fig. 21. The Schematic Representation op the Increase in the Concentration op 
THE Ions Dissociated by the Colloid (2) and the Decrease in the Concentra¬ 
tion op the Free Ions op the Solution (y), in the Direction op the Surpace op 
THE Particles 

Now, it is obvious that 

yu, + %> + 

hence the H ion concentration of the suspension or the gel must be higher than 
that of the filtrate or of the outside solution. 

It is also obvious that 


yK,<yK,<yn,<^R 

hence if, by means of increasing pressure, we extract successive portions of the 
micellar liquid we should find a progressive decrease in the H-ion concentra¬ 
tion. The H ions belonging to the micelle are obviously not removable. 
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As shown in a previous publication (13) in the case of electropositive colloids^ 
in which the micellar atmosphere consists of anions, the suspension or the 
moist gel must react less acid than its extract, but here again the concentra- 
/ion of any ion in the expressed liquid should become smaller at high pressures. 

The solution removed from the slightly acidified bentonite gel was found 
to have a higher pH the higher the pressure, a difference of about 0.2 pH being 
observed between the solution run off by gravity as compared to the solution 
obtained in the pressure range between 60 and 70 cm. of mercuiy. When the 
bentonite was suspended in a 0.02 N NaCl solution instead of water it was 
found that while the solution which ran off by gravity alone had a concen¬ 
tration of 0.0231 N, the latter was reduced to 0.0220 N. m the fraction ex¬ 
tracted in the pressure range between 60 and 70 cm. of mercury. While this 
supports the theory it shows that marked differences in concentration are to 
be expected only at higher pressures. Apparatus permitting an investigation 
at very much higher pressures are now procured. The results of this work will 
be reported later. 

The author’s attention has been called to a recent paper by McCool and 
Youden (10) which is of the greatest importance to our present subject. They 
report a considerable decrease in the H- and POrion concentrations of the 
solutions removed from peat at high pressures. No definite explanation is 
offered but they promise to continue the research, which should prove very 
illuminating. 

THE P. D. BETWEEN THE MICELLAR AND THE OUTSIDE SOLUTION 

If our postulate that the micellar ion concentration increases rapidly in the 
direction of the surface of the particles is correct then the potential difference 
between the gel and the outside solution should show an inverse relationship 
to the water content of the gel. By the Nemst equation the P.D. is 

B T ^ (y g) __ T ^ X 
F X F * y 

The test might meet with difficulties but an attempt to investigate this rela¬ 
tionship is now being inaugurated. The plan is to work with the following 
chain: calomel electrode-saturated KCl—outside equilibrium solution—gel 
at various water content—saturated KCl—calomel electrode. 

DISCUSSION AND SUMMARY 

The subject might be briefly recapilulated by the following statements: 

The combined or constitutional water represents the internal water of the 
material in combination with the individual molecules in the form of hydrous 
oxides of silicon, aluminum, iron, and their combinations. 

The molecularly attracted water is represented by the hygroscopic moisture. 
This water is held by powerful forces which are manifest by the heat of wetting 
and by a contraction of volume. This water exists in a very thin film which 
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apparently does not exceed 4 or S /i/i in thickness, which corresponds to the 
range of molecular attraction. The quantity of water thus adsorbed by the 
soil is a function of the surface and is independent of the nature and quantity 
of exchangeable cations. Where a relationship between the heat of wetting 
on the one side and the composition and exchange capacity on the other side 
was observed it must be remembered that the particle size and hence the sur¬ 
face varied accordingly (2). The lower heat of wetting reported by Pate (17) 
for Na-saturated colloids may be ascribed to the slowness with which such 
materials wet. 

Soil colloids imbibe greatly varying quantities of water depending upon: 

(a) their composition or more directly upon their exchange capacity; 

(b) the nature of the exchangeable cations; 

(c) the charge of the particles; 

(d) the position of their isoelectric point if amphoteric or 

(e) their ultimate pH, i.e., the strength of their add group; 

(f) the concentration of free electrolytes and the valence of the ions, both according to 

the Donnan equilibrium. 

This imbibition is obviously therefore a function of an ionic condition of the 
colloid, in other words, of a colloidal ionogen. It is an osmotic imbibition 
brought about by the dissociation of diffusible ions by the colloidal particle. 
This forms the colloidal micelle consisting of the particle, the ion atmosphere, 
and the osmotically imbibed water. 

The relationship between the applied pressure and the water content indi¬ 
cates that the concentration of the micellar ions increases rapidly in the direc¬ 
tion of the surface. This theory leads to the following deductions: 

The free dectrolyte must be more concentrated in the outside than in the inside or micel¬ 
lar solution. The pH of a negative suspension must be lower than that of its 
extract. 

The pH of a positive suspension must be higher than that of its extract. 

The concentration of any ion in the solution removed from a colloid at high pressures 
must be lower than its concentration in the solution filtered ofi[ without pressure. 

The potential difference between the gel and its extract must increase as the water 
content of the gel decreases. 

Some of these deductions have been verified. 
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Inelxjence or Na and Ca upon the Swelling of tee Sharkey Soil Colloid 
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The research which has been done in the field of soil bacteriology is compara¬ 
tively recent, falling within the last half century. Among the quantitative 
investigations are those in which the org anisms have been studied in their re¬ 
lation to depth, moisture, hydrogen-ion, concentration and seasonal effects. 
The attention has mainly been directed toward agricultural soils because of 
their economic importance; and it is only recently that forest soils have re¬ 
ceived much notice. It seems logical to the writer, however, that forest soils, 
of a virgin nature, might contribute more to our knowledge of soil processes, 
than those under cultivation; for in the case of virgin soils, microbiological 
processes have, in a sense, reached an equilibrium. This equilibrium is not 
broken by plowing, changing of crops, addition of fertilizer, or any of the nu¬ 
merous practices of agriculture which tend to upset or disturb the native 
microorganic reactions; and thus it would seem to furnish more natural condi¬ 
tions than are possible with cultivated soils. 

METHODS 

An attempt has been made in the present work to examine and compare 
certain quantitative and general characteristics of the top and subsoils of a 
hemlock and a deciduous hardwood forest. The '^topsoil” includes the three 
layers generally known as 'Titter,” “fungous,” and “true humus” layers; while 
the “subsoil” is synonymous with the first layer of “mineral soil.” Through 
the courtesy of the New York Botanical Garden* samples were collected once a 
month over a period of 12 months, from January, 1930, to June, 1930, and 
from October, 1930, to March, 1931, inclusive, omitting the summer months 
of July, August, and September. 

The hemlock and hardwood forests studied are virgin forests on the grounds 
of the New York Botanical Garden in New York City. They have been uncut 
and free from fire for over 100 years (47). The hemlock forest where coUec- 

1 This work was done in the Department of Botany, Barnard College, Columbia University, 
under the direction of Dr. Cornelia L. Car^r, to whom the writer is indebted for her suggestion 
of the problem and her interest and guidance throughout the work. 

* The writer wishes to thank Dr. Marshall A. Howe and Mr. Percy Wilson of the New 
York Botanical Garden for their cordial codporation and assistance in the collection of samples. 

325 



326 


MARY JO COBB 


tions were made, consists of approximately pure stands of hemlock; the decid¬ 
uous hardwood forest is the typical climax forest for this region of North 
America with beech, sugar maple, white oak, witch hazel, and dogwood as the 
principal vegetation. 

The soils studied were sent to the U. S. Department of Agriculture for typing. 
According to this analysis aU of the soils are ^'a very fine sandy loam,” ^'almost 
a loam,” and closely akjn to, if not identical with, the Gloucester loam of this 
vicinity (70). The results of this analysis are given in table 1. 

In general, the methods for soil analysis as set forth by Fred and Waksman 
(81), and by Waksman (78) were followed in this work. Soil was collected 
from exactly the same locations each month; all collections were made in 
sterile cans and sterile trowels were used. Soils were sieved through sterile 
3-mm. sieves, and sodium albuminate and synthetic acid media (81) were 
employed. 


TABLE 1 
Pkyskd texlure 


TYPES OF SOILS 

COAESE 

SANDS, 

2-0.5 BOL 

ICEDIUIC 
TO FINE 
SANDS, 
0.5-0.10 
UM. 

VBEYFINE 
SAND, SILT 
CLAY, 

< 0.10 BIM. 

ACIDITY* 

ORGANIC 

HATTER 


percent 

percent 

percent 

PB 

per cent 

Hemlock topsoil. 

4 

17 

79 

3.80 

so 

Hemlock subsoil. 

6 

25 

69 

4.17 

7 

Deciduous topsoil. 

6 

23 

71 

4.79 

16 

Deciduous subsoil. 

6 

21 

73 

4.50 

8 


* The pH given in this analysis is somewhat lower than that obtained by the writer, and is 
no doubt due to the unavoidable time elapsing between the collection of the samples and their 
analysis, as the writer has found that a storage of only 24 hours of the hemlock topsoil may 
change the hydrogen-ion concentration from 5.1 to 4.3. This change is due, in all proba¬ 
bility, to the activity of the organisms. 

The hemlock topsoil and subsoil were plated out a few hours after collection; 
likewise, 20-gm. samples of all soils were weighed for moisture percentage 
determinations and the hydrogen-ion concentration of each soil was taken on 
the day of collection. The plating of the deciduous topsoil and subsoil could 
not be carried out, for lack of time, until the following morning (18-hour storage) 
but since this routine was exactly similar from month to month it was con¬ 
sidered that conclusions on the relative numbers of organisms would be valid. 

Plates were incubated at room temperature in the dark for one week, counts 
being made on the third, fifth, and seventh days, and the numbers being ex¬ 
pressed on the basis of 1 gm. of soil dried to constant weight at 100°C. The 
hydrogen-ion concentration was taken on a soil extract made by shaking S gm. 
of soil in SO cc. of distilled water and filtering through two thicknesses 
of filter paper, Brom cresol green was used as indicator. The moisture 
holding capacity was found by saturating a given amount of oven-dry soil 
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with a known quantity of distilled water, and determining the amount of 
water absorbed. The temperature data given in the tables were obtained 
from the U. S. Department of Agriculture Meteorological Data for New York 
City (71). Both the mean mean monthly temperature and the average of the 
mean daily temperature for the five days previous to soil coUections were used 
to determine whether any correlation between the temperature and the total 
numbers of organisms could be distinguished. 

DISCUSSION AND RESULTS 
Moisture 

As may be seen in tables 2 to 5 the lowest moisture content of the soil cor¬ 
responds to the lowest count of bacteria, except in the hemlock subsoil where 
the count re m ained low even after the moisture had increased. The same is 
true for the fungi in the two deciduous soils, but is not as evident in the 
hemlock soils. The actinomycetes show a corresponding drop with lack of 
moisture in both hemlock soils, but some irregularity in the deciduous soils. 
Drought, therefore, seems to be a limiting factor. It is of interest in this 
connection to note that the region of collection (as well as the whole country) 
suffered many weeks of drought previous to the fall (1930) collections. The 
fungi seem more resistant to low water content than the bacteria and actino¬ 
mycetes, for although they show a drop in numbers, it is not such a great one 
as that exhibited by the bacteria and actinomycetes. In general, the reverse 
statement is true—that at times when the moisture content is higher, the count 
of the bacteria and actinomycetes is higher also. Here again the numbers of 
fungi do not show any marked tendency to follow the moisture curve. 

These two statements are in accord with the results of Hiltner and Stormer 
(36), Elruger and Heinze (41), Engberding (18), Conn (11,12,13), Russell and 
Hutchinson (59), Harder (35), Lochhead (43), Snow (62, 63, 64), and Dixon 
(16, 17); and although Feher and Sommer (27), and Feher (22, 23, 24, 25) do 
not draw this conclusion, their data as presented would tend to support the 
foregoing with respect to forest soils. 

Frankel (30), Remy (55), Fischer (28), Brown and Smith (9), Given and 
Willis (31), Waksman (75), Brown and Halverson (8), Cutler, Crump, and 
Sandon (IS), Erdmann (19), and Newton (49), on the other hand, find no 
particular correlation between the moisture percentage and the numbers of 
organisms. 


Freezing 

The effects of freezing on the numbers of organisms may be seen from tables 
2 to 5. On the whole, there was an increase at the beginning of a frozen period 
(although this is not apparent in the case of the fungi), and the numbers re¬ 
mained higher than the average throughout a frozen period. In general, then, 
the numbers at this time were high, but not the highest of the year. 
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TABLE 2 


Hemlock topsoil 


DATE (1930-1931) 

I 

BAClEXlAf 

PUNOlt 

Acrnro- 

MYCESt 

pHt 

WATEE 

ICOKrTHLY 

SAIN 

TElfFEK- 
ATUBE 
AVERAGE 
OP S DAYS 

WtKSf 

UBAN 

MONTBLY 

TEUPER- 

ATOBB 






per cent 

inches 

“F. 

"F. 

*Janua3y. 

'JTilciillilili 


mm 


50.0 

2.58 

47.8 

33.6 

♦February. 


IkmiSiSiS 

501" 

4.30 


3.40 

34.8 

37.0 

March. 



105,880 

5.10 

57.5 

2.16 

46 0 

39.8 

April. 




4.70 

53.5 

2.01 

41.8 

47.6 

May. 


jigyyu 


4.70 

51.5 

2.89 

59.4 

62.6 

June. 

'iKltllillit 


188,675 

4.85 

47.0 


46,8 

73.0 

October. 

868,050 


8,845 

5.15 

28.0 


65.2 

62.1 

November. 


2,798,850 

55,425 

Ba 

41.0 

5.43 

54.4 

52.1 

December. 

1,237,185 



BEI 

51.5 

2.65 

35.2 

41.3 

♦January. 


mm 

1 

5.60 

51.5 

2.43 

32.4 

40.5 

♦February. 


HI 

MHBiii 


60.0 

2.44 

29.6 

42.1 

March. 

SKSRKSj 


1 28.4501 



4.74 

36 4 

40.5 


*Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 

t pH taken after a 6-bour storage except in March, 1930, where a 24-hour storage was 
unavoidable. 


TABLE 3 


Hemlock subsoil 


DATS (1930-1931) 

BACIERlAt 

PXJNGit 

ACXDTO- 

MYCESf 

pHt 

WATER 

MOMTSLY 

RAIN 

TEICPER- 
ATURE 
AVERAGE 
OP 5 DAYS 

ICBAK 

ICEAS 

ICOKTBLY 

TEUPER- 

ATDBE 


mu 




pereeni 


•F. 

•F, 

♦January. 

2,483,600 




23.5 

2.58 

47.8 

33.6 

♦February. 


530,825 


4.55 

33.5 

3.40 

34.8 

37.0 

March. 






2,16 

46.0 

39.8 

April. 

2,922,450 

706,120 

122,440 

4.70 

26.5 


41.8 

47.6 

May. 


81,960 

■■K 

4.90 

26.8 


59.4 

62.6 

June. 

606,450 

429,675 


4.90 

22.5 


46.8 

73.0 

October. 

349,715 

323,430 


5.20 

12.5 



62.1 

November. 


235,295 

■HRS 

5.10 

15.0 

5.43 

54.4 

52.1 

December. 


343,790 

39,215 

5.10 

23.5 

2.65 

35.2 

41.3 

♦January. 

2,202,610 

143,790 


5.50 

23.5 

2.43 

32.4 

40.5 

♦February. 


373,960 

42,380 

5.40 

27.8 

2.44 

29.6 

42.1 

March. 

994,595 

236,480 

148,645 

4.90 

26.0 

4.74 

36.4 

40.5 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 

t The pH is taken after a 6-hour storage in every case except for March, 1930, where a 
24-hour storage was unavoidable. 
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TABLE 4 


Deciduous topsoil 


DATE (1930-lWl) 

BACTEBUt 

PtlNGlf 

ACTINO- 

MYCESt 

pHt 

WATER 

MOMTELY 

BAIN 

TEMPER- 
ATUBE 
AVERAGE 
OB 5 DAYS 

MEAN 

MEAN 

MONTHLY 

TEMPER¬ 

ATURE 






percent 

inches 

•P. 

"P. 

♦January. 





33.5 

2.58 

47.8 

33.6 

♦February. 




4.80 


3.40 

34.8 

37.0 

March. 




5.05 

36.5 

2.16 

46.0 

39.8 

April. 


1,444,430 


4.80 

32.5 

2.01 

41.8 

47.6 

May. 


590,840 

295,420 

4.80 

32.3 

2.89 

59.4 

62.6 

June. 


1,138,660 

233,575 

5.05 

31.5 


46.8 

73.0 

October. 




5.20 

15.0 


65.2 

62.1 




33,330 

5.15 



54.4 

52.1 

December. 


1,786,740 

73,530 


32.0 


35.2 

41.3 

♦January. 

4,223,850 


49,250 

5.70 

33.0 

2.43 

32.4 

40.5 

♦February. 

5,811,940 


213,675 


41.5 

2.44 

29.6 

42.1 





B 

31.5 

4.74 

36.4 

40.5 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 

t The pH is taken after a 6-hour storage in every case except for March, 1930, where a 
24-hour storage was unavoidable. 


TABLE S 

Deciduotis subsoil 


DATE (1930-1931) 

BACTERUf 

BDNGlt 


pHt 

WATER 

MONTHLY 

RAIN 

temper¬ 

ature 

AVERAGE 
OB S DAYS 

MEAN 

MEAN 

MONTEELY 

TEMPER¬ 

ATURE 






percent 

inches 

•P, 

“P. 

♦January. 


650,350 

251,745 

.... 

28.5 

2.58 

47.8 

33.6 

♦February. 

rmYTm 


248,120 

4.60 

33.5 


34.8 

37.0 

March. 


■ imfii 

wm 


27.5 

2.16 

46.0 

39.8 

April. 





25.0 

2.01 

41.8 

47.6 

May. 

(iISSIkSi! 

|B 

292,515 

4.90 

26.5 

2.89 

59.4 

62.6 

June. 

6,352,930 

m 'IQS 


5.05 

23.5 

2.92 

46.8 

73.0 

October. 

647,725 





1.76 

65,2 

62.1 

November. 


301,755 

KiiBB 


14.5 

5.43 

54.4 

52.1 

December. 

2,373,325 

IBSwiiBitii] 

153,330 


25.0 

2.65 

35.2 

41.3 

♦January. 

1,792,245 

553,545 

116,125 

5.50 

22.5 

2.43 

32.4 

40.5 

♦February. 


253,520 

84,510 

5.50 

29.0 

2.44 

29.6 

42.1 

March. 

913,905 


13,245 

5.30 

24.5 

4.74 

36.4 

40.5 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 

t The pH is taken after a 6-hour storage in every case except for March, 1930, where a 
24-hour storage was unavoidable. 
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The increase at a time of freezing would tend to confirm the findings of Conn 
(11,12,13), Weber (82), Brown and Smith (9), Given and Willis (31), Harder 
(35), Wahsman (75), Noyes (50), Vass (74), and Brown and Halverson (8), 
although these investigators differ widely in their theories to account for this 
increase, Lochhead (43) found only a slight increase in Canadian soil which 
was frozen consecutively for four or five months, while Vanderleck (72), who 
also studied Canadian soil under the same conditions, failed to find any no¬ 
ticeable increase in bacterial numbers. 

It would seem, then, from the experimental data, that soils which are con¬ 
tinuously frozen for months at a time, do not show a marked increase in 
numbers, or if they show it at the beginning of such a frozen period, the num¬ 
bers eventually drop to a normal level and remain there. On the other hand, 
soils which are subject only to north temperate climatic conditions, such 
as those studied here, and which undergo thawing and freezing rather fre¬ 
quently during the winter months, may exhibit increases in numbers during 
their frozen periods. 

Eydrogefirion concentration 

From data in tables 2 to 5 it will be seen that the small changes in the 
hydrogen-ion concentration have no apparent relationship to the numbers of 
organisms present in the soils. Feher (22, 23, 24, 25) and Jensen (38), both 
working with forest soils of a virgin nature, have found a similar lack of corre¬ 
lation, although Jensen finds a strong positive correlation between the num¬ 
bers of fungi and of bacteria plus actinomycetes when the hydrogen-ion concen¬ 
tration is 5,5 or below. Bokor (3), working on German forest soils, reports 
that the total number of bacteria depends chiefly on the hydrogen-ion concen¬ 
tration of the soil, and if this remains constant, the numbers increase in pro¬ 
portion to the organic matter present, 

Seasonal efects 

The maxima for aJl three types of organisms seem to come at the same time 
of year. If the high numbers found at the frozen periods are not considered 
as true maxima, but as due to some physical cause (such as the breaking up 
of the clumps, or the rise of organisms with that of the capillary water on freez¬ 
ing), then there is only one maximum. This comes in April at the beginning 
of the growing season (tables 2 to 5). Two exceptions are to be noted: {a) 
In the deciduous subsoil the rise in bacterial numbers comes later; and (J) in 
the deciduous topsoil the fungi show no apparent April peak. If, as others 
think, the increase at frozen periods is due to an actual reproductive increase 
in the numbers of organisms, then two maxima may be seen; that during the 
frozen period, and the one in April. Interpretation of the increase on a purely 
mechanical basis seems more logical to the writer, but no definite evidence 
for either view is available from the present data. It is interesting to note 
that the June count, in every case except two, leaves the numbers increasing 
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(tables 2 to S). It is most unfortunate that the July, August, and September 
counts could not be made, as investigators who have worked during the sum¬ 
mer months on forest soils, Rivas (56), in this country, and Feher (22, 23, 24, 
25), in Germany, have found the greatest number of organisms in July or 
August, and the rise to this peak has begun, in nearly every case, in the month 
of June. In a number of cases both workers found small peaks in April but 
these were insignificant in comparison to the July and August maxima. 

TemperoMre 

The air temperature has been considered in tables 2 to 5 from two stand¬ 
points. In one case, an average of the mean daily temperature for five days 
previous to collection was taken, in an effort to see whether this might have 
any bearing on the numbers of organisms at that particular time. In the 
other case, the mean mean of the monthly temperature was used to determine 
whether any general effect of the temperature was noticeable. To compare 
with this, no soil temperatures could be obtained, but in the work of Feher 
(22, 23, 24, 25) and of Feher and Bokor (26) on forest soils, the soil tempera¬ 
tures and air temperatures are seen to correlate closely, their curves running 
parallel with only a few degrees difference, so that this would probably be true 
of any forest soil. 

Fabricius and von Felitzen (20), Given and Willis (31), and Brown and 
Halverson (8) found a definite correlation between the numbers of bacteria 
and the temperature, in non-forest soils. This was confirmed for forest soils 
by Feher (22, 23, 24, 25) and Rivas (56). 

No such correlation between numbers of organisms and temperature was 
found in the present work, as may be seen in tables 2 to 5. Other investiga¬ 
tors whose findings agree with those given in the tables above are: Frankel 
(30), Hiltner and Stormer (36), Engberdiug (18), and Cutler, Crump, and 
Sandon (15). Dixon (16, 17) has found (in Australian bush soils) that mois¬ 
ture is more of a controlling factor than temperature as far as the numbers 
of organisms are concerned, but that a low temperature decreases the numbers. 

Depth 

Because the topsoil (consisting of the litter, fungus, and true humus layers) 
and subsoil (or first mineral layer) could be so easily distinguished, the samples 
were taken according to layers rather than to any definite depth, but the total 
depth at no time exceeded 35 cm. Tables 2 to 5 reveal that with but few ex¬ 
ceptions the numbers of organisms in the two subsoils are less than those in 
their corresponding topsoils. From this, then, we might conclude that there is 
a decrease in the numbers of bacteria, fungi, and actinomycetes with an increase 
in the depth. This is a well-established fact, but the decrease in numbers in 
the soils here studied may also be due, in part, to the great difference in the 
chemical nature of the topsoil and its corresponding subsoil. It would seem 
that since the topsoil has so much more organic matter, and hence more food 



332 


MARY JO COBB 


and energy sources for the organisms, than its corresponding subsoil, this, 
rather than a few centimeters difference in depth would cause the drop iu 
the numbers of the different types of microorganisms. 

In tables 2 to 5 the moisture content and hydrogen-ion concentration of the 
various soils are given. The hemlock topsoil, which is the richest in organic 
matter, has also the highest percentage of moisture in every case; the deciduous 
topsoil, the next richest in organic matter, has the next highest moisture per¬ 
centage; and the deciduous subsoil and Hemlock subsoil, having about the 
same amount of organic matter—^much less than the two topsoils—, also have 
about the same percentage of moisture. (For data on organic matter see 
table 1.) Thus, the amount of organic matter present seems to have consider¬ 
able to do with the water holding capacity of the soil. 

There is no great difference in hydrogen-ion concentration between any of 
the four soils, all of them, as soils go, being quite acid, having a range of 4.55- 
5.7. This acidity is true, in general, for forest soils, and may be partly due 
to the fungous flora which is abundant in such soils (though, conversely, the 
fungi flourish because they can stand acidity), and partly to the character of 
the organic residues in the topsoils. Agricultural soils, for example, have a 
hydrogen-ion concentration around 7.0, and are richer in bacteria and poorer 
in fungi than forest soils. 

As for the depths of the hemlock and deciduous topsoils, the transition be¬ 
tween the two layers (top and subsoil) is much more abrupt in the hemlock 
soil. Here the topsoil is definitely of a peaty nature, only a few centimeters 
thick. Of the three layers composing it, the true humus layer is very small—a 
fraction of a centimeter in most cases—, and the fimgous layer predominates. 
The deciduous topsoil merges with the subsoil more gradually, is deeper, on 
the whole, than the hemlock topsoil, and is of a “moldy’’ (leaf mold) rather 
than a peaty nature. The humus layer is several millimeters thicker than 
that of the hemlock topsoil, but the fungous layer is not as deep. The layer of 
litter, though deeper, is lefes compact than the hemlock litter, so probably does 
not represent much more material, except after the autumn leaf fall. The two 
topsoils correspond to the “mull” (mold) and “torf” (peat) soils described for 
Danish forest soils by Muller (57, p. 70). 

Bacteria 

Table 6 shows a decided parallelism between the numbers of the bacteria in 
the hemlock topsoil and hemlock subsoil; and some similarity in the numbers 
in the deciduous topsoil. The deciduous subsoil, however, fails to show any 
particular correlation with the other three. 

Certain climatic factors, such as air temperature and wind velocity, would 
have affected these soils similarly. The moisture holding capacity of the soils, 
however, is not the same. Upon calculation (pp. 326-327) the total moisture 
holding capacity was found to be as follows: hemlock topsoil 105 per cent, hem- 
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lock subsoil 73 per cent, deciduous topsoil 85 per cent, deciduous subsoil 73 per 
cent. Considering the optimum moisture conditions to be 70 per cent of the 
maximum, as is generally accepted, we have the optimum as: hemlock topsoil 
73.3 per cent, hemlock subsoil Sl.l per cent, deciduous topsoil 59.5 per cent, 
and deciduous subsoil 51,1 per cent. A comparison of these figures with those 
for percentage of organic matter (table 1) shows that the soils with the most 
organic matter hold the most moisture. It is evident that the hemlock top¬ 
soil with its average moisture for the year of 50.8 per cent comes nearest to 
filling optimum moisture conditions as far as the organisms are concerned; 
deciduous topsoil with a year’s average of 33.19 per cent comes next; and the 
two subsoils (deciduous subsoil with an average of 29,2 per cent, and hemlock 
subsoil with 24.17 per cent) are about equal in this respect. 


TABLE 6 
Bacteria^ 


DAlB (1930-1931) 

EBULOCE 

TOPSOIL 

HEMLOCK 

SUBSOIL 

DEdDUOUS 

TOPSOIL 

DECIDUOUS 

SUBSOIL 

♦January. 

2,630,000 

2,483,600 

8,360,900 

5,986,000 

♦February. 

3,437,500 

2,030,000 

20,543,200 

5,864,600 

M^rcb. 

2,529,400 

1,830,100 

7,086,600 

5,310,000 

April. 

6,666,600 

2,922,450 

9,000,000 

2,000,000 

May. 

2,164,920 

191,250 

2,991,100 

3,809,500 

June. 

4,905,600 

606,450 

5,518,200 

6,352,930 

October. 

868,050 

349,715 

858,800 

647,725 

November. 

1,200,850 

252,940 

2,200,000 

807,020 

December. 

1,237,185 

278,430 

1,566,150 

2,373,325 

♦January. 

6,185,530 

2,202,610 

4,223,850 

1,792,245 

♦February... 

2,250,000 

623,265 

5,811,940 

1,956,330 

March. 

2,620,000 

994,595 

7,445,250 1 

913,905 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 


Now since it is the deciduous subsoil (table 6) which fails to show any 
parallelism to the other three, and since both the deciduous subsoil and the 
hemlock subsoil have about the same amount of moisture available to the 
organisms, we may conclude that moisture, at least, is not responsible for the 
variations of the deciduous subsoil. Neither is the hydrogen-ion concentra^ 
tion different enough in this soil to be looked upon as a cause. 

We must look, then, to some other factor to account for its behavior. This 
might be: (a) a difference in the available food supply for the bacteria in the 
deciduous subsoil, or (b) a difference m the influence of higher plants on the 
growth of the bacteria in the deciduous subsoil as compared with that in the 
other soils. 

There are in this paper, however, no experimental data to confirm either 
assumption. They are simply submitted as possible suggestions to account 
for the dissimilarity of this soil when compared with the others. 
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The ability of microorganisms to carry on their vital activities depends, as 
is well known, upon a nximber of factors, some of which have already been 
mentioned. There are probably many others of importance about which we 
have, as yet, little knowledge. Our information is not complete as to the 
influence of higher plants upon the microorganisms of the soil. The d 3 dng of 
the cells of higher plants affects, of course, the available food supply of the 
microbrganisms by the release of dead organic and inorganic material. Besides 
this, the plant roots may secrete substances which may hinder or help the 
organisms. Hansteen-Cranner (34) has shown that plants under ordinary 
conditions give off from their root cells soluble and insoluble lipoid substances 
termed “phosphatides.’’ These differ with the plant species and may inhibit 
or stimulate the microorganisms in that vicinity. Melin (46) has reported a 
substance which is probably identical to the “phosphatides” of Hansteen- 
Cranner, from the roots of pine and other coniferous trees. This material 
has a stimulating action on the growth of certain mycorrhizal fungi. Other 
investigators have reported on the stimulation of bacterial activity by plant 
roots; and the excretion of certain salts, organic and inorganic acids, and a 
number of different sugars has likewise been demonstrated (44,45, 79). Star- 
key (65) has made the interesting suggestion that the growth of the higher 
plants often causes an unequal distribution of the numbers of microorganisms, 
and that it ^^may be a major factor in the seasonal fluctuation of the micro¬ 
organisms in the soil where temperature and moisture do not seem to be 
related.” 

As far as the bacteria are concerned, the numbers seem to run parallel to each 
other in all except the deciduous subsoil. This lack of parallelism cannot be 
accounted for by any of the factors examined in the present work, but it is 
suggested that it might be due to a difference in the available food supply of 
the organi sm s, or, perhaps, to the influence of the higher plant roots growing 
at the locations of the soil collections. 

It is evident from table 6 that there are, on the average, a greater number 
of bacteria in the deciduous topsoil than in any other soil. An average for 
the 12 months of all the bacterial numbers (table 9) shows that the deciduous 
topsoil has about twice as many bacteria as the deciduous subsoil or the hem¬ 
lock topsoil (which two soils have about equal numbers) and almost six times 
as many as the hemlock subsoil. This would suggest that the bacteria play a 
more active r61e in digestion in the deciduous topsoil than in any of the other 
soils studied. 


Actinomycetes 

From table 7, which shows the numbers of actinomycetes, it is evident that 
the numbers Jn the two topsoils run somewhat parallel to each other from 
January to June, 1930, and exactly counter to each other (i.e. if the numbers 
increase from one month to the next in one soil, they decrease in the other, and 
vice versa) from October, 1930, to March, 1931. The numbers in the sub- 
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soils, however, which run counter to each other from January to June, 1930, 
run nearly parallel from October, 1930, to February, 1931, except that the 
greatest number in the deciduous subsoil comes one month before that in the 
hemlock subsoil in the early winter. Whether this is merely accidental, or 
whether there are complicated factors at work here, is a problem for further 
study. 

There is, however, an interesting point of comparison between the data for 
the actinomycetes and that presented for the bacteria. An average of the 
year’s counts (table 9) reveals that, almost exactly as in the case of the bac¬ 
teria, the deciduous topsoil has approximately twice as many actinomycetes 
as the deciduous subsoil or hemlock topsoil and more tha.Ti three times as 
many as the hemlock subsoil, thus giving almost the same comparative re- 


TABLE 7 
Actinomyces^ 


DATE (1930-1931) 

BBilLOCC 

TOPSOIL 

EEULOCE 

SUBSOIL 

DEODUOUS 

TOPSOIL 

DECIDUOUS 

SUBSOIL 

♦January. 

400,000 

196,000 

188,000 

251,745 

♦February. 


150,370 

761,000 

248,120 

March. 


140,800 

472,400 

172,400 

April. 

215,050 

122,440 

555,550 

166,665 

May. 

164,940 

0 

295,420 

292,515 

June. 

188,675 

90,300 

233,575 

209,150 

October. 

8,845 

14,860 

76,470 

51,140 

November. 

55,425 

14,705 

33,330 

70,175 

December. 

61,855 

39,215 

73,530 

153,330 

♦January. 

206,180 

91,500 

49,250 

116,125 

♦February. 

75,000 

42,380 

213,675 

84,510 

March. 

28,450 

148,645 

620,435 

13,245 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soil. 


lationship as before. It would seem, then, that as in the case of the bacteria, 
the actinomycetes were more actively concerned with digestion processes in the 
deciduous topsoil than in the other soils. 

Fungi 

From table 8, which shows the numbers of fungi in the four soils, it may be 
seen that there is some parallelism between the numbers for the hemlock sub¬ 
soil and those for the deciduous subsoil, except in two points, November, 1930, 
and February, 1931. It is also readily seen that the numbers of fimgi in these 
two subsoils are approximately equal. 

On the other hand, it is evident that the numbers in the hemlock topsoil 
far exceed those of any of the other four soils, whereas those of the deciduous 
topsoil lie in an intermediate position. The numbers in the two topsoils show 
very little similarity to each other, or to those of the two subsoils. Consider- 
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ing the entirely different chemical nature of the topsoils, due to the different 
types of vegetation they support, and hence the difference in their organic 
residues, this is not surprising. The two subsoils, on the other hand, contain 
about equal amounts of organic matter, and it is possible that the close agree¬ 
ment of the numbers of fungi in the subsoils might be due to this fact, al¬ 
though further work would have to be done to determine this. 

The fungous activity is, then, far greater in the hemlock topsoil than in 
any of the other soils studied; it is next greatest in the deciduous topsoil, and 
least in the two subsoils. The numerical relationship in the case of the 
fungi, is not comparable to that of the actinomycetes and bacteria. The hem¬ 
lock topsoil has about twice as many fungi, on the average, as the deciduous 
topsoil, seven times as many as the deciduous subsoil, and ten times as many 
as the hemlock subsoil (table 9). 


TABLE 8 


Fungi^ 


DATE (1930-1931) 

EEICLOCS: 

TOPSOIL 

HXICLOCE 

SUBSOIL 

DSODUOUS 

TOPSOIL 

DBClDnOUS 

SUBSOIL 

*Januaiy. 

6,900,000 

686,300 

1,278,100 

650,350 

*Februaiy. 

4,500,000 

530,825 

3,260,900 

548,900 

March. 

4,302,900 

577,460 

2,047,200 


April. 

4,731,100 

706,120 

1,444,430 


May. 

3,092,740 

81,960 


721,090 

June. 

3,547,100 

429,675 

1,138,660 


October. 

3,506,930 

323,430 



November. 

2,798,850 

235,295 

3,040,000 

301,755 

December.. 

3,092,740 

343,790 

1,786,740 


*Januaiy. 

3,814,415 

143,790 

1,044,750 


*Februaiy. 

3,825,000 

373,960 

2,478,600 

253,520 

March. 

3,273,800 

236,480 

1,587,600 

105,960 


* Soil frozen. 

t Counts of organisms represent numbers per gram dry soiL 


From data in tables 6, 7, and 8 it is apparent that the fungi far outnumber 
the bacteria and actinomycetes in the hemlock topsoil. The decomposition of 
organic matter (hemlock needles, twigs etc.) by fungi, is evidently predomi¬ 
nant in the hemlock topsoil. This decomposition is thorough and quite rapid, 
for, as we have said, the topsoil is only a few centimeters deep. The fungi are 
apparently more successful in the digestion of the particular organic residues 
found in the hemlock litter than the bacteria are, and hence are more abundant 
in this soil than the latter. The bacterial numbers on the other hand, pre¬ 
dominate in the deciduous topsoil, and probably are responsible for most of 
the decomposition there. Digestion, no doubt is aided by the fungi, but is 
largely accomplished by the bacteria with the help of the actinomycetes. The 
actinomycetes are not numerous in any of the soils, undoubtedly because of 
their acid character; neither, if we may judge by the numbers, do these or- 
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ganisms accomplish as much work in the two topsoils as do the fxmgi and bac¬ 
teria. Most of the actual decomposition takes place in the ^^rich’’ topsoils, 
but as is shown in tables 6, 7, and 8, the bacteria are the most important agents 
in the digestion of the material left in the subsoils. They are assisted in tbis 
by both the fungi and the actinomycetes. 

In order to determine whether there was any constancy or predominance of 
the types of fungi occurring in the soils from month to month, the synthetic 
acid medium plates were examined at the end of each count and the t 3 ?pes of 
organisms which predominated were noted. 

The species of PeniciUium whose conidial stages were different shades of green 
(macroscopically) could be easily distinguished from species of Trichoderma 
and Mucor. The typical gray-green colonies of Citromyces were counted from 


TABLE 9 

Average of numbers for the 12 months 
Numbers given per gram dry soil 



BSl£LOCKl 

TOPSOIL 

TTBiTLITiVTr 

8TJBSOIL 

DECIDUOUS 

TOPSOIL 

DECIDUOUS 

SUBSOIL 

Bacteria. 

3,057,960 

1,230,450 

6,300,500 

3,151,130 

Fungi. 

3,948,800 

389,100 

1,716,490 

554,260 

Actinomyces. 

160,190 

87,600 

297,690 

152,430 

Gtromyces. 

417,460 

25,330 

12,090 

4,945 

Penicillium group excluding 
Citromyces. 

553.730 

23.400 

79.310 

35.900 


Hemlock topsoil 


Average of PeniciUium group excluding Citromyces for March, 1930, January, 

February, March, 1931.031,750 

Average of PeniciUium group excluding Citromyces for other eight months. 376,285 

Average of Citromyces group alone for March, 1930, January, February, March, 1931. 576,620 
Average of Citromyces group alone for other eight months. 233,515 


month to month, as well as those of the rest of the Penicillium group mentioned. 
Since these counts in every case were based purely on macroscopic observations, 
they cannot be considered more than very roughly accurate. Colonies of each 
type of fungous were subcultured and examined microscopically from time to 
time to determine whether macroscopic observations had been valid; and they 
were found to be so in nearly every case. 

Tables 10 and 11 show the comparative numbers for Citromyces and Peni¬ 
cillium in the four soils. These figures run parallel to those for the total 
numbers of fungi; namely, the hemlock topsoil has the greatest number, the 
deciduous topsoil the next greatest, and the two subsoils the least, although 
about equal numbers. 

By talcing the averages for the 12 counts and comparing them with the 
averages of the total numbers of fungi (table 9) for the particular soils in 
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question, it is seen that the Penicillium group, including Citromyces, forms a 
much higher percentage of the total numbers of organisms in the hemlock 
topsoil than in any of the other three soils. Possibly this group has some 
special r61e in the digestive processes in the Hemlock topsoil, although there is 
in the present data no proof of this. 

TABLE 10 


Total numbers of Citromyces per gram dry soil 


DATE (1930-1931) 

SSEMXiOCSC 

xopson. 

HEMLOGS 

SUBSOIL 

deciduous 

TOPSOIL 

DECIDUOUS 

SUBSOIL 

*Jan^7ary_. 










. 

1,294,100 

307,530 

212,370 

558,490 

388,890 

277,120 

123,710 

309,280 

465,000 

238.090 

42,260 

156,460 

4,100 

2,970 

11,430 

5,880 

785 



, , _ . 

April. 

26,670 

22,160 

8,760 

0 

20,000 

8,850 

1,700 

0 

May. 

Tune . 

October. 

November. 


6,610 

0 

December. 

0 

*Januaiy.... . 

395 

4,480 

27,350 

7,300 

1,940 

2,110 

3,310 

*Febniaiy. 

2,080 

27.025 

March. 


* Soil frozen. 

TABLE 11 


Total imrnbers of Penicillium group per gram dry soil 


DATE (1930-1931) 

HEMLOCK 

TOPSOIL 

HEMLOCK 

SUBSOIL 

DEODUOUS 

TOPSOIL 

DECIDUOUS 
j SUBSOIL 

♦Januftry.. 





^February. 





March... 

541,200 

18,310 



April. 

178^500 

oisoo 

71,110 

20,000 

May. 

556,700 

8,200 

73,860 

34,020 

June... 

213,200 

5,550 

48,180 

8,630 

October... 

694,400 

5,720 

35,300 

11,370 

November. 

831,400 

13,030 


175,440 

December. 

536,100 

104,580 

101,470 

13,330 

*Januaiy. 

886,600 

6,540 

128,360 

16,780 

^February.. 

432,500 

18,010 

147,010 

30,280 

March.1 

666.700 

47.300 

29.200 

13.240 


Soil frozen. 

From tables 10 and 11 it is apparent that the Penicillium group, including 
Citromyces, in the hemlock topsoil, form approximately one-fourth of its 
total fungous population. (See also table 9). In both subsoils their average 
is roughly one-eighth, whereas in the deciduous topsoil this group forms only 
one-nineteenth of the total number. Thus it may be seen that in all, except 
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the hemlock topsoil, the Penicillium group with Citromyces forms a rather 
insignificant portion of the fungous population. 

Actual macroscopic counts of the organisms were not begun until March, 
1930, but if the average of the numbers of Citromyces for March, 1930, plus 
January, February, and March, 1931, be compared with those of the rest of 
the Penic i l li u m group for the same months, it will be seen that in the henolock 
topsoil the Citromyces group is to the Penicillium as 576,600 is to 632,000; or 
roughly, as 1:1. (table 9). Making the same comparison for the other eight 
months the relationship is: Citromyces to Penicillium group as 233,500 to 
376,300; or roughly, 1: IJ (table 9). Thus not only do the actual numbers of 
these two groups increase during January, February, and March, but the 
Citromyces group increases proportionally more than the Penicillium group 
in the hemlock topsoil. This is interestin g and may point to some special 
function of Citromyces at this time of the year. That this increase in numbers 
is the result of freezing does not seem the explanation, since the numbers of 
Trichoderma do not increase during this period, but become less. 

Not only do the numbers of Trichoderma become less when the Penicillium 
group increases, but when the Penicillium group ha s lost its predominance, in 
the fall months, Trichoderma again increases greatly, and covers, on the 
average, 7 of the 9 synthetic acid medium plates poured for any one soil, so 
that at the end of five days they cannot be counted. This would suggest 
some mutual seasonal relationship between these two groups of fungi (Penicil¬ 
lium and Trichoderma). 

Representatives of the Mucorales were very scarce, and never more than 
three or four colonies appeared on all the plates from any one soil. They were 
found, sparsely, in every soil, no soil having particularly more than another. 
To determine whether the S 3 nithetic add medium was unfavorable to their 
development, plates were poured (in January, 1931) of Cookes agar (8) as well 
as the sjmthetic acid medium plates, since Cook's agar is supposed to favor 
the growth of Mucorales. More specimens of Mucor came up on the 3301 - 
thetic acid plates than on those of Cook’s agar, so it would appear that the 
medium was not the cause of the lack of Mucors. In defense of this point, 
Waksman (76) has found that forest and uncultivated soils are poor in Muco¬ 
rales but rich in specimens of Penicillium and Trichoderma. Jensen (38) 
in examining 18 forest soils in Denmark reports similar findings. 

Besides a scarcity of Mucors, there was but one Aspergillus isolated from 
the plates during the entire study. Since the conidial stage of the species 
isolated was not green, it was considered valid to eliminate the species of 
Aspergillus from the counts of the Penicillium group mentioned in the fore¬ 
going, A paucity of Aspergillus in soils from tins latitude has been found by 
other investigators. Waksman (77) and Werkenthin (83) both found that 
soils in the southern part of the United States were abounding in species of 
Aspergillus, whereas those of the northern part of the country had predomi¬ 
nantly species of Penicillium, Mucor, Trichoderma, and Fusarium, but were 
poor in Aspergillus. 
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Waksman (77), Takahashi (67), Fasevoli (21), Paine (51), Dixon (16), 
Swift (66), and Jensen (38) report that soil fungi common to all parts of the 
world are species of Penicillium (including Citromyces), Trichoderma, Mucor, 
and Aspergillus. Some of these writers include species of Fusarium, as well. 

Citromyces is typical of the hemlock topsoil. The deciduous top and sub¬ 
soils seemed to have no “t37pical fungi” (that is, fungi which occurred in abun¬ 
dance on the plates month after month, but which were not found on plates of 
the other soils). The hemlock subsoil, however, had two forms which were 
present in abundance at every collection. The first of these was a gray-green 
PenidUium which was a bright rose color on the under side (species undeter¬ 
mined). There were alwa)rs numerous colonies of it on the hemlock subsoil 
plates, but seldom more than one, if any, on the plates of the other three soils. 
Its significance, if there is any, offers a problem like that of the Citromyces in 
the hemlock topsoil, and as suggested for Citromyces, may be concerned with 
soil digestion processes. The other fungus found so persistently on the hem¬ 
lock subsoil plates was a sterile white mycelium. Such sterile hyphae have 
been reported by other workers for forest soils, notably by Traaen (69) for 
Norwegian soils, by Waksman (76) for American soils, and by Jensen (38) for 
Danish soils. Waksman thinks that these mycelia are probably the hyphae of 
mycorrhizal fimgi. This might veiy well be the case here, as the sucking roots 
of the coniferous trees are known to have an abundant mycorrhizal fungous 
flora. In any event, their presence in the hemlock subsoil is interesting. 

The work of identification of many of these fungous forms is, in itself, a 
considerable undertaking, as a large proportion of the soil fungi belong to the 
group '^Hyphomycetes,” and the numerous sterile hyphae present a baffling 
problem in that they do not produce conidial stages in the laboratory under 
ordinary conditions. If the latter are mycorrluza, as suggested, it is possible 
that, given other conditions, they might be induced to fruit. 

SUMMARY 

In general, the greatest numbers of bacteria, fungi, and actinomycetes cor¬ 
responds to the time of greatest soil moisture. The converse is also true. 

Freezing of the soil causes a marked increase in the numbers of organisms, 
but this increase is not so apparent in the case of the fungi. The frozen counts 
are high, but not the highest of the year. 

The slight variations in the hydrogen-ion concentration have no apparent 
effect on the total numbers of bacteria, fungi, and actinomycetes. 

In general, there is some parallelism between the numbers of bacteria and 
actinomycetes in each soil. It is not so marked in the case of the fungi. 

The seasonal maxima for the three types of organisms come in all soils in 
April, the beginning of the growing season. 

The air temperature seems to have no definite relation to the total numbers 
of bacteria, fungi, or actinomycetes. 
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There are, in every case, fewer organisms in the samples of subsoils than in 
their corresponding topsoils. This may be due to the sandy nature of the 
subsoils, and to their lack of organic matter, or it may be due purely to the 
greater depth of these collections. 

The deciduous topsoil has twice as many bacteria as the deciduous subsoil or 
hemlock topsoil (which two soils have about equal numbers) and almost six 
times as noany as the hemlock subsoil. 

The deciduous topsoil has twice as many actinomycetes as the deciduous sub¬ 
soil or hemlock topsoil and nearly three times as many as the hemlock subsoil. 

The hemlock topsoil has twice as many fungi as the deciduous topsoil; seven 
times as many as the deciduous subsoil; and ten times as many as the hemlock 
subsoil. 

These figures show that in the peaty hemlock topsoil the molds are responsi¬ 
ble for most of the decomposition; whereas m the deciduous topsoil the bac¬ 
teria are the main agents in the soil digestion processes, and the fungi are in 
second place according to numbers. These two topsoils contain, of course, 
the greatest amounts of undecomposed material. 

Most of the work of decomposition is completed in the two topsoils, but in 
the subsoils that which is left to be done is carried on m a in l y by the bacteria. 
The actinomycetes and fungi aid in the process but axe not the main agents. 

The species of Penicillium including Citromyces show the same numerical 
relationship to each other in the four soils as do the total numbers of fungi; 
namely, most numerous in the hemlock topsoil, next most numerous in the 
deciduous topsoil, and least, but about equilly numerous, in the two subsoils. 
These figures are based purely on macroscopic counts of species of Penic illiu m 
or Citromyces whose conidial stages appeared green. 

The Penidllium group, including Citromyces, are actually and proportion¬ 
ally more numerous in the hemlock topsoil than in the others. This would 
suggest that they might play some special r61e in the soil processes of the 
hemlock topsoil. 

The ratio of Citromyces to lie Penicillium group (not including Citromyces) 
in the hemlock topsoil is greater for the four months of March 1930, Januaiy, 
February, and March, 1931, than is the ratio of these organisms during the 
other eight months that the soils were examined. These averages of numbers 
check with general notes taken on the plates from month to month, and sug¬ 
gest that Citromyces might have some special function in the hemlock topsoil 
at this season of the year. 

At the of year when the Citromyces-PeniciUium are predo mina nt in 
the hemlock topsoil, species of Trichoderma fade into the background. The 
reverse is also true. This would suggest some mutual relationship between 
Trichoderma and the Penicillium group (including Citromyces). 

Species of Penicillium (including Citromyces) and Trichoderma seem^ to 
form by far the largest part of the fungous population of the four soils studied. 
This confirms the work of other forest soil investigators. 
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Members of the order Mucorales and the genus Aspergillus were found to be 
very scarce in the soils studied. This also confirms the results of other workers 
on forest soils. 
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IHE DIURNAL AJSTD SEASONAL CHANGES IN THE SUGAR CON¬ 
TENT OF THE SAP AND TISSUE OF POTATO PLANTS 
AS AFFECTED BY SOIL FERTILIZATION* 
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One of tie most interesting phases of the many chemical studies made of 
plant tissue is the determination of carbohydrates in the various parts of plants. 
Most of this work has been directed toward determining how carbon assimila¬ 
tion takes place and how its products are transported from the leaves to other 
parts of the plant, either for immediate or future use. 

The object of this experiment was to study the diurnal and seasonal varia¬ 
tions in the sugar content of both leaves and stalks of potato plants for the 
purpose of determining any differences that might occur as a result of the appli¬ 
cation of commercial fertilizers to soils growing these potato plants under 
field conditions, and to determine whether any differences could be correlated 
with the crop yields. The potato was selected because this plant, through its 
habits of storing carbohydiutes, lends itself very well to this type of inves¬ 
tigation. 


HISTORICAL 

Although Liebig (18) in 1832 advanced the first theoiy of carbon assimilation in plants, 
and suggested that organic acids were perhaps the intermediate products, the work of Sachs 
(28) in 1862, which showed that starch is actually produced within the chlorophyll granule, 
was really the starting point of investigations concerning carbon assimilation in plants. In 
1870, von Baeyer (2) advanced his famous formaldehyde theoiy, but later Brown and Morris 
(5), Parkin (24) and Davis, Daish, and Sawyer (8), brought forth evidence to prove that su¬ 
crose and not glucose is the first sugar of photo^thesis. However, the work of Dixon and 
Mason (10), Priestly (25), and more recently that of Clements (6, 7), Baly and Davis (3), 
and Barton-Wright and Pratt (4), may be interpreted as favoring the von Baeyer theoiy. 


1 An abstract of a thesis submitted in partial fulfillment of the requirements for degree of 
doctor of philosophy at the Michigan State College, department of sofis. Published with the 
approval of the director of the Michigan Experiment Station, East Lansing, Michigan, as 
Journal Article No. 81 (n.s.). 

^ Formerly research assistant in soils, Michigan State College, East Lansing, Michigan. 
At present instructor in soil technology and Junior soil technologist, University of California, 
Davis, California. 

The writer is greatly indebted to Dr. M. M. McCool, formerly of the Michigan State 
College, for assistance in planning this work and to Dr. C. E. Millar of the soils department, 
also to Dr. R. P. Hibbard of the botany department, for critidsms and suggestions in the 
preparation of the manuscript. 
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A more specialized field of investigation, that of the carbohydrate-nitrogen ratio in plants, 
has been investigated primarily by horticulturists. Some of the most noteworthy work is 
that of Kraus and Kraybill (17), Reid (27), Harvey and Mumeek (13), Hooker (14), and Mur- 
neek (23), all of whom have found that variations in the carbohydrate-nitrogen ratio are 
accompanied by variations in the ph 3 ^iological functions of the plant. 

Mason and MaskeU (20) studied the translocation of carbohydrates in cotton plants and 
found a lag in the cycle of the maximum carbohydrate movement from leaves to bark. 

Janssen and Bartholomew (15, 16) found that the maximum carbohydrate production in 
plants growing in sand and water cultures occurred with a concentration of 3 p.p.m. of po¬ 
tassium in the solution, but could not obtain consistent correlations in carbohydrate produc¬ 
tion by the same kind of plants grown on field soils fertilized with different amounts of potas¬ 
sium fertilizer. 

Clements (6) found reciprocal relations for nitrogen and carbohydrates in field peas grown 
in water cultures, and Woo (32) obtained similar results with certain plants grown in the field. 
Hartwell (12) found that a number of factors associated with retarded growth caused an in¬ 
crease in the starch content of potato vines. 

EXPERIMENTAL OUTLINE 

Two tiers of fertilized plots were used, each plot being 2 rods by 4 rods, with 
a check strip I rod wide between the two tiers of plots. The following fer¬ 
tilizers were used: 4-16-0,0-16-8,4-16-8, and 4-16-12. Each treatment was 
replicated four times. Samples for anal 3 rsis were taken from one set of the 
replications and the remaining three sets were used for obtaining the crop 
3 delds. No samples were taken from the 4-16-12 plot, because in some pre¬ 
vious work it was found that the yields were almost the same on the plots 
treated with the 4-16-8 and 4-16-12 fertilizer. The latter treatment was 
included in the experiment in order further to compare it with the 4-16-8 
treatment from the standpoint of its effects on the crop yields. 

The experiment field was located about 1J miles from the laboratory, where 
the anal 3 ^es were made. The soil of the experiment field was Hillsdale sandy 
loam. This soil type is one of the principle moranic soils of south central 
Michigan, and is well adapted to the growing of potatoes. The fertilizers 
applied were made from ammonium sulfate, 40 per cent superphosphate, and 
muriate of potash. They were broadcast by hand at the rate of 750 pounds an 
acre and worked into the soil with a spring-tooth drag shortly before the po¬ 
tatoes were planted. 


WEATHER CONDITIONS 

As the season of 1930 was extremely dry, the yield of the potatoes ranged 
only from 90 to 100 bushels an acre, and the plots showed no differences in 
yields attributable to the fertilizer treatments. In the years of normal rainfall, 
however, yields of from 200 to 300 bushels an acre were obtained. 

The plots were sampled on July 23, August 12, and September 4. During 
this period only 0.S8 of an inch of rain fell, although the normal rainfall for the 
period is from 4 to 5 inches. The first samples were taken when the blossoms 
were forming on the plants, the second as the plants began to set tubers, and 
the third, when the plants were in the last stages of maturity. 
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An attempt was made to take samples only on a clear day and they were 
never taken unless most of the day previous had been dear. This precaution 
was taken in order that the normal production and utilization of carbohydrates 
would be occurring within the plant at the time samples were taken. The 
data in table 1, from the United States Weather Bureau at East Lansing, 
give the meteorological conditions on the dates of and for two days previous 
to each sampling. 

Regardless of the dry weather, the plants appeared perfectly normal when 
the first and second samples were taken, although at the time of the first sam¬ 
pling, the plants in the fertilized plots were much larger than those in the check 
rows. This difference was not so noticeable when the second samples were 
taken, showing that the larger plants were not growing so rapidly as the smaller 
ones. On September 4, when the third samples were taken, the plants showed 
clearly that they were injured by the prolonged drought. The leaves were 


TABLE 1 

Meteorological conditions on sampling dales and two days premous to each sampling 


DAIS 

ICOnMUM 

IBMPER- 

ATUBE 

MAXZUUU 

TEMPEX- 

ATUSE 

CEASACISE 

07 DAY 

SDNSEDOIX 

FBECZ7X- 

lATlON 


“F. 

I •F- 


percent 

inches 

July 21. 

67 

89 

Partly cloudy 

68 

0.04 

July 22. 

63 

82 

Partly cloudy 

72 

0 

July 23. 

58 

83 

Clear 

99 

0 

August 10. 

52 

73 

Clear 

96 

0 

August 11. 

45 

73 

Gear 

94 

0 

August 12. 

45 

73 

Clear 

100 

0 

September 2. 

68 

87 

Goudy 

23 

0.07 

September 3. 

54 

82 

Gear 

95 

0 

September 4. 

46 

79 

Gear 

100 

0 


curled, and the plants looked slightly wilted from the middle of the day until 
after nightfall, although they were turgid in the morning. No differences 
could be seen between the size of plants in the check rows and the plants on 
the fertilized plots. 


METHODS OF SAMPLING 

At each date of sampling, seven sets of samples were taken. Starting at 
midnight, samplings were made every four hours until midnight of the follow¬ 
ing day. In the samples, the plants from the whole hill were selected, 

and the tops cut off about 2 inches above the ground. A sufficient number of 
hiUs were taken to fill a 2Q-pound capacity paper bag with the plants. In the 
first sampling, the tops from six hills were taken from each fertilized plot, 
but the plants from eight hiUs were required from the check plot to give suffi¬ 
cient material for study. Plants from four hills of each fertilized plot and five 
hillg of the check plot gave sufficient material in the second sampling, whereas 
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the plants from four hills, irrespective of treatment, gave sufficient mat^nal in 
the third sampling. 


PREPARATION OP SAMPLES 

The samples were rushed to the laboratory immediately after cutting, ^nd 
were separated into two portions—^leaves and stalks. A part of each portion 
was then chopped to pieces with a paper cutter and SO gm. of each portion 
put into separate pint Mason jars, each containing 400 cc. of boiling alcohol 
to which had been added a little calcium carbonate to neutralize any ac^ 
that might be present in the plants. The jars were immediately set on t\ie 
steam bath to boil for 1 hour in order to kill the enzymes, and thus prevent 
changes in the carbohydrates present in the plant tissue. The remainder of 
each sample of leaves and stalks was ground separately in a food chopper 
and from 100 gm. of the ground tissue the juice was expressed according to the 
method described by Sayre and Morris (29). The amount of expressed juice 
from the leaf samples did not in any one case exceed SO cc. Each lot was 
measured, however, and poured into bottles containing 200 cc. of boiling alco¬ 
hol which contained small quantities of calcium carbonate to keep the juice 
alkaline. The juice from 100 gm. of ground stalks usually amounted to about 
60 or 70 cc., 50 cc. of which were pipetted oflF and preserved in the same manner 
as the juice from the leaf samples. The samples thus obtained were also put 
on the steam bath and boiled for one hour. All of the samples of both tissue 
and juice were tightly sealed in the containers after boiling, and stored to be 
analyzed later. 


METHODS OE ANALYSIS 

The samples that were preserved in alcohol were filtered, washed with 80 
per cent alcohol, and made up to a volume of 1,000 cc. for tissue samples, and 
200 cc. for juice samples. From these quantities aliquot portions were taken 
and alcohol was removed by distillation under reduced pressure, Claissen 
flasks being used. The solutions, when reduced to about 30 cc, were washed 
from the Claissen flasks into 100-cc, volumetric flasks with hot water and 
cooled down rapidly to room temperature. They were then made up to vol¬ 
ume, mixed well, and the contents poured into dry 100-cc. centrifuge tubes 
containing 0.5 gm. of neutral lead acetate. The solutions thus treated were 
allowed to stand for 15 or 20 minutes to permit all of the colloidal material to 
be precipitated, after which they were centrifuged. The supernatant liquids 
were poured off into other dry centrifuge tubes and powdered sodium oxalate 
was added to precipitate all of the lead. A second centrifuging settled the 
lead oxalate precipitates, and the supernatant liquids were decanted into dry 
beakers. Aliquot parts of these were made up to 100 cc. volume, the size of 
the aliquot parts depending upon the amount of sugar in the samples. 

The solutions thus prepared were thoroughly mixed, 50 cc. of each put into 
300-cc. Erlenmeyer flasite for the reducing-sugar determinations, and the 
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re mairi jiL ii g 50-cc. portions put into another set of Erlenmeyer containing 
S gm. jeach of citric acid crystals to hydrolyze the sucrose. The contain¬ 
ing tlje samples for the sucrose determinations were covered with beakers, 
put < 3 fn a gas hot plate, and boiled from 10 to 15 minutes to complete the hy- 
drol]fsis. The citric add was then neutralized with concentrated sodium hy- 
drosi^de, phenolphthalein being used as the indicator. 

Ttie reducing power of the glucose and hydrolyzed non-reducing sugars was 
determined by the Shaffer and BLartman (30) method, a standard solution of 
sodium thio-sulfate being used to titrate the excess iodine set free from a known 
amfount of standard potassium iodide-iodate solution which was added to the 
re4uced copper solutions. Immediately after the iodide-iodate solution was 
adjded, 12 cc. of 8 iV sulfuric acid was added to the solution, the flask shaken to 
dissolve the cuprous oxide completely, then 20 cc. of a saturated potassium 
ozjsdate solution was added and the contents of the flask were titrated with 
st<Lndard sodium thiosulfate solution. When the end-point of the titration 
w^s nearly reached, 5 cc. of starch solution was introduced as an indicator and 
the titration completed. 

Because of the buffer effect of the citrate ion in the sucrose samples, it was 
njBcessary to add an additional 5 cc. of sulfuric add in the titration to bring 
the samples to the necessary pH. 

The committee on methods for the Society of Plant Physiology (19) objects 
to the use of the Shaffer and Hartman method on the ground that for various 
plant tissues, it is not always possible to obtam a sharp end-point in the final 
titration. In this work, by using the recommended 15 cc. of 5 iV sulfuric add, 
the end-point was not always sharply defined, but by increasing the strength 
of the acid, a clearly defined end-point could always be obtained. It appears, 
at least with the plant tissue used in this work, that there is a rather narrow 
range of pH in which a sharp end-point can be obtained when this method is 
used. If an excess of acid is added, a white predpitate forms in the solution 
and the resxilting titration values are too low, whereas if the pH is too high, 
the end-point is indistinct and the results are unreliable. The satisfactory 
titration after the addition of extra add, in the case of sucrose hydrolyzed by 
citric add, to correct for the buffer effect of the dtrate ion, indicates the neces¬ 
sity of haviug the proper degree of addity in the solutions. With a little 
practice, one can usually teU by the color of the solutions as the add is being 
added just how much to use, and if one is working with tissue from only one 
kind of plant, the correct acidity can soon be found and no further difficulty 
will be encountered. 

If the difficulty lies in obtaining a definite pH value in the solutions before 
titrating, it is dear why the tissue of different plants cannot be handled alike, 
because different tissues may exert a different buffer effect on the solutions, 
which would necessarily have to be corrected before sharp end-points could be 
obtained. 

There are a number of other methods of determining the amount of reduced 
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copper (11,19), but the Shaffer and Hartman method has a distinct advj^^ntage 
over most of them in that it is not necessary in this method to filter off the 
products of the reaction before the titration can be made for the determi]),9,tion 
of reduced copper. An excellent review of the literature on methods is given 
in the latter reference. 

Although the method of reducing the copper described by Quisumbing end 
Thomas (26) was employed in this work, because it was more convenient than 
the Munson and Walker method (22) in handling a number of samples at one 
time, the Munson and Walker tables were employed for calculating the amount 



Feg. 1. A Comparison op the Munson and Walker and the Quisumbing and Thomas 
Tables por Calculating the Quantity op Sugar prom the Amount op 
Copper Reduced 


of sugar from the amount of copper reduced, because they are much more 
inclusive. The curves in figure 1 show the variations between the two tables 
within the range of copper used in this work. The difference between the two 
is so slight that the error due to interpolation in using the less complete tables 
of Quisumbing and Thomas would be greater in many cases than the differ¬ 
ence between the two tables. 

It was desirable to have a plan whereby the set of eight samples at each cut¬ 
ting, could be analyzed in one day in order to treat all samples as nearly alike as 
possible even with respect to the time between starting a determination and the 
final titration. In order to attain this end, it was necessary to use certain 
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procedures, such as distillation under reduced pressure to remove the excess 
alcohol, and the use of the citric acid hydrolysis for sucrose determinations, 
because of their greater speed and adaptation to the scheme of analysis. Using 
the centrifuge to settle precipitates is much more rapid and convenient than 
filtering. Careful tests of these procedures showed that accuracy was not 
sacrificed for speed. 


EXPERIMENTAL RESULTS 

The data presented in this paper are all expressed in per cent based on the 
green weight. All free-reducing sugars are reported as glucose and all material 
hydrolyzed with 10 per cent citric acid as sucrose. Total sugars are the sum 
of the two. 

The diurnal variations of the sugars for the first samp ling are shown in 
figures 2 and 3, The curves for the various treatments do not parallel one 
another as well in figure 2 as they do in figure 3. This shows that there were 
more variations in the glucose than in the sucrose throughout the day. Glu¬ 
cose variations showed rather well-defined minimums at 4 a.m. The maxi- 
mums arc not so marked but in general they occurred either at noon or 4 p.m. 
Sucrose, on the other hand, seemed to maintain a more constant level, showing 
neither a well-defined minimum or maximum. In practically all cases, the 
amounts of glucose were in excess of sucrose. 

Figures giving diurnal variations for the second and third samplings are 
omitted because in general they are similar to figures 2 and 3. The percent¬ 
ages of glucose and sucrose are both somewhat higher in the later samplings, 
and the curves are a little more irregular. 

The mode in which sucrose and glucose concentrations varied throughout the 
day, as reported in this paper, supports the work of Davis and Sawyer (9), 
who studied carbohydrate variations in the leaves and stalks of the potato 
plants, and Miller (21), who investigated the carbohydrate relations in the 
leaves of com and sorghums. These investigators found glucose to have a 
minimum early in the day and a maximum in the early afternoon, whereas 
sucrose had a tendency to maintain an almost constant level throughout the 
day. They found sucrose, however, to be in excess of glucose in practically 
all cases, whereas the data herewith reported, with few exceptions, showed 
glucose to be higher than sucrose. The results reported in this work are in 
accord with those of Clements (7), who found that glucose was much higher 
than sucrose in the leaves of potatoes, sunflowers, and soybeans for the early 
stages of growth. Throughout the later periods of growth, the differences 
noted by him were not so great, but in general, the amount of glucose was in 
excess. 

The averages of the seven samples taken at 4-hour intervals on each date of 
sampling, are given as daily averages in tables 2,3, and 4. Table 2 is arranged 
to show the effect of fertilizer treatment on the concentrations of glucose and 
sucrose in the various parts of the plant. 
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A comparison of the averages (shown as the sum of the averages in table 2) 
for all samplings of leaf tissue, points out that the 0-16-8 treatment gave the 
lowest concentrations of sugars, whereas the check and the^ 4-16-8 gave the 
highest. In the leaf sap, the 0-16-8 continued to average^ lowest, with the 
4^16-8 highest and the check and 4-16-0 intermediate. In the stalk tissue 
the check showed the highest average, with 4-16-0 and 4-16-8 about equal to 


SAMPHN& 



NO ^AM eAM HOOH -tPM 6PM MIO, 


Fig. 2. Results or Fertilized Treatment on Per Cent or Glucose in Samples Taken 

July 23, 1930 

each other and about midway between the check and 0-16-8 averages. In the 
stalk sap the check and 4-16-0 were considerably higher than the other two 
with the 0-16-8 stiU averaging lowest. 

The general su mm ary, shown as the mean in the last line running from left 
to right in table 2, gives the average of the sum of averages. It points out that 
for both tissue and sap, the check has the highest average sugar content and 
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the 0—16-”8 the lowest, with 4-16-^ and 4-16-8 about equal to each other and 
about midway between the extremes. These differences are not significant, 
showing that there were no differences in sugar content attributable to fertilizer 
treatments. A comparison of the daily averages for each sampling (table 2) 
indicates that the relation of the different treatments as shown by the mean 
was seldom the same as that found in any sampling. The same relation did 



Fig. 3, Results or Fertilizer Treatment on Per Cent or Sucrose in Samples Taken 

July 23, 1930 

not exist for the various treatments between determinations made from tissue 
and sap from the same plants, yet a comparison of the mean showed them to 
be very similar. Janssen and Bartholomew (16), working with plants in the 
field and in sand and water cultures, found 'no differences in carbohydrate 
content in plants grown in the field under varied potash treatments- When 
the same plants were grown in sand and water cultures, they found that con¬ 
centrations of 3 p.p,m. gave maximum carbohydrate production, indicating 

BOn* SOZSNCB, TOL. xxxin» HO. 5 
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that under field conditions, because of so many variables, the effect of fertilizer 
treatments is not manifest in variations of carbohydrate content, although the 
treatments may greatly increase the yields. 

TABLE 2 

Sugars in potato plants {daily averages) as per cent of g^een weigJjis 


WHOLE TISSUE 


EXPEESSED SAP 


Fertiliser treatroents 

Check I 4-16-0 I 0-16-8 1 4-16-8 1 Check 1 4rl6^ I 0-16-8 t 




Glucose—leaves 

Glucose—leaves 


SiumiNG nczioD 


Kist. 0.545 0.541 0.492 0.483 0.412 0.479 0.384 0.342 

Second. 0.606 0.624 0.582 0.634 0.535 0.512 0.583 0.600 

Third. 0.722 0.689 0.675 0.804 0.492 0.523 0.469 0.498 


Average. 0.624 0.618 0.583 0.640 0.480 


Sucrose—leaves Sucrose—leaves 


tilKiMlUBragtlCKi: 


First. 0.233 0.217 0.213 0.202 0.348 0.293 0.305 0.324 

Second. 0.431 0.421 0.403 0.461 0.416 0.395 0.290 0.426 

Third. 0.525 0.393 0.447 0.462 0.474 0.503 0.540 0.601 




Average. 


Sum of averages. 1.020 0.962 0.937 1.015 0.893 0.902 0.857 0.930 


Ghicose—-stalks 



Glucoser-^stalks 


,434 0.305 
.671 0.530 
.898 0.798 


Average. 0,704 



Sucrosestdks 


Sucroser-stalks 



The ratio has often been used as a means of showing carbohydrate 

sucrose ^ 

metabolism in plants. Table 3 shows the daily averages of glucose and sucrose 
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for the vanous treatoients at the different periods of sampling and gives the 

?- ratio for each. For some of the periods of sampling the ratio was 

sucrose ^ ir » 

quite constant for all treatments, whereas with others, there were wide varia- 

TABLE 3 


Comparison of glucose and sucrose from same samples {daily aiterages) 


7BRTILIZES 

TSBATUENT 

PnST SAICPUNG 

SECOND SAUFLINO 

THIKD SAMFLINO 

MEAN 07 
RATIO 

Glucose 

Sucrose 

Glucose 

Glucose 

Sucrose 

Glucose 

Glucose 

Sucrose 

Glucose 

Sucrose 

Sucrose 

Sucrose 

Leaves—Hssue 

Check 

0.545 

0.233 

1.91 

0.606 

0.431 

1.41 

0.722 

0.525 

1.37 

WM 


0.541 

0.217 

2.49 

0.624 

0.421 

1.48 

0.689 

0.393 

1.72 

111 

O-lfr-8 

0.402 

0.213 

2.31 

0.582 

0.403 

1.44 

0.675 

0.447 

1.51 


4-16-8 

0.483 

0.202 

2.39 

0.634 

0.461 

1.38 

0.804 


1.73 

1.83 

Average... 

0.515 


2.27 


0.429 

1.43 


0.457 

1.58 

1.75 


Leaves—sap 


Check 


0.348 

1.18 

0.535 

0.416 

1.28 

0.492 

0.474 

1.04 

1.17 


0.479 

0.293 

1.63 

0.512 


1.30 

0.523 

0.503 


1.32 

0-16-8 

0.384 

mSi 

1.26 


18rB!j 

2.01 

0.469 



1.38 

4-16-8 

0.342 

tn 

1.06 

JgM 

0.426 

1.41 

0.498 




Average... 

0.404 

0.317 

1.28 

0.557 

0.382 


0.495 

0.529 


1.24 


Skilks-^tissue 


Check 

4-16-0 

0-16-8 

4-16-8 

0.456 

0.434 

0,305 

0.343 

0.237 

0.219 

0.209 

0.236 

1.92 

1.98 

1.44 

1.45 

0.719 

0.671 

0.530 

0.483 

1 

1.95 

2.16 

1.62 

1.54 

0.936 

0.898 

0.798 

0.957 

0.378 

0.33S 

0.379 

0.371 

2.47 

2.68 

2.11 

2.58 

2.17 

2.27 

1.72 

1.86 

Average... 

0.384 


1.69 


0.329 

1.82 

0.897 

0.366 

2.46 

2.00 


Staiks^-^sap 


Check 

4-16-0 

0-16-8 

4-16-8 

0.613 

0.563 

0,419 

0.467 

1 

4.00 

3.88 

2.89 
3.22 

0.786 

0.788 

0.697 

0.649 

0.199 

0.153 

0.214 

0.221 

3.95 
5. IS 
3.26 
2.94 

0.852 

0.839 

0.653 

0.741 

0.378 

0.414 

0.379 

0.451 

2.25 

2.02 

1.72 

1.64 

3.40 

3.68 

2.62 

2.60 

Average.,. 

0.515 

0,147 

3.49 

0.730 

0.197 

3.82 

0.771 

0.405 

1,91 

3.10 


tions. The ratio for the second sampling in the leaf tissue was very uniform 
and with one exception, was very uniform in the leaf sap- In the sap of both 
leaves and stalks for the third sampling, the ratio was lower for the 0-16-8 and 
4-16-8 than the other two treatments. In the remaining instances the ratio 
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for the various treatments was very variable but there seemed to be no definite 
treatment that was outstandingly high or low. 

The average ratio for all four treatments was higher in the leaf 

sucrose 


TABLE 4 

Comparison of the sugars in leaves and stalks of potato plants {daily averages) 



7XSST SAUELXKO 

SSCOMD SAMPLING 

xnxsD sampuno 

MEAKOT 

TBEATUXNT 

Leaves 

Stalks 

Leaves 

Leaves 

Stalks 

Leaves 

Leaves 

Stalks 

Leaves 

LEAVES 


Stalks 

Stalks 

Stalks 



Tissue-glucose 


Check 

4-16-0 

0-16-8 

4-16-8 

0.545 

0.541 

0.492 

0.483 

0.456 

0.434 

0.305 

0.343 

1.19 

1.24 

1.61 

1.41 

0.606 

0.624 

0.582 

0.634 

0.719 

0.671 

0.S30 

0.483 

0.84 

0.93 

1.10 

1.31 

0.722 

0.689 

0.675 

0.804 

0.936 

0.898 

0.798 

0.957 


0.93 

0.98 

1.18 

1.19 

Average... 

0.515 

0.384 

1.36 



1.04 

0.722 

0.897 


1.07 


Tissue—sucrose 


Check 

0.233 

0.237 

0.99 

0.431 

0.368 

1.17 

0.525 

0.378 

1.39 

1.18 

4-16-0 

0.217 

0.219 

1,00 

0.421 

0.310 

1.32 

0.393 

0.335 

1.18 

1.17 

0-16-^ 

0.213 

0.209 

1.01 

0.403 

0.327 

1.23 

0.447 

0.379 

1.18 

1.18 

4-16-8 

0.202 

0.236 

0.86 

0.461 

0.313 

1.47 

0.462 

0.371 

1.24 

1.19 

Average... 

0.216 


0.97 

0.429 

0.329 

1.29 

0.457 


1.25 

1.17 


Sap—glucose 


Check 

4-16-0 

0-16-« 

4-16-8 

0.412 

0.479 

0.384 

0.342 

1 

0.67 

0.85 

0.92 

0.73 

0,535 

0.512 

0.583 

0.600 

0.786 

0.788 

0.697 

0,649 

0.68 

0.65 

0.83 

0.93 

1 

1 

n 

0.64 

0.71 

0.84 

0.78 

Average... 

0.404 


0.79 

0.557 

0.730 

0.77 

0.495 

0.771 

0.65 

0.74 


Sap—sucrose 


Check 

4-16-0 

0-16-8 

4-16-8 

0.348 

0.293 

0.305 

0.324 

1 

2.26 

2.02 

2.10 

2.23 

0.416 

0.395 

0.290 

0.426 

1 

2.09 

2.58 

1.35 

1.93 

1 

1 

1.25 

1.22 

1.42 

1.33 

i 

Average... 

0.317 

0.147 

2.15 

0.382 


1.99 

0.529 

0.405 

1.30 

1.81 


tissue in the early stages of growth than in the later, whereas in the stalk tissue, 
the ratio increased as the plants matiured. On the other hand, for the sap the 
ratio was highest in the second sampling, and lowest in the third for both 
leaves and stalks. 
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£rlucos6 

The mean of the-ratio for all three samplings is shown in the column 

sucrose ^ ® 

at the extreme right in table 3, This mean ratio showed the ^16-0 to have 
the highest ratio in three of the four instances, whereas each of the other three 
treatments is lowest once and the 0-16-8 and 4-16-8 showed the lowest aver¬ 
age in the fourth case. The ratio is somewhat lower for the leaves than for 

the stalks. In general, the — ratio of the daily averages showed that no 

sucrose 

treatment is significantly high or low. 

In order to determine whether there was any difference in the rate of translo¬ 
cation of carbohydrates, the concentrations of sugars in the leaves are compared 
with those of the stalks. The comparisons are made on the daily averages 
leaves 

and expressed as the ratio, as shown in table 4. In general, in the tissue 

there was more glucose in the leaves than in the stalks of the first sampling, and 
less in the third, whereas in the second the check and 4-16-0 had less and the 
O-lfr-8 and 4-16-8 had more glucose in the leaves than in the stalks. The 
average of the ratios for all three periods decreased with the age of the plants. 
The mean of the ratios of all three periods showed the check and 4-16-0 to be 
just slightly less than unity with the other two treatments considerably higher. 

The ratios in the sap are not the same as those of the tissue. For glycose, 
the average of all treatments showed a ratio of less than 1 for all three samplings, 
whereas Ae ratio for sucrose is greater than 1. For both glucose and sucrose 
the ratio is highest in the first sampling and lowest in the third. 

DISCUSSION 

From the experimental results presented, no diJGferences in sugar content, 
attributable to variations in fertili«r treatment were obtained, and yet rather 
wide differences in the per cent composition at any one time, as shown in figure 
2, were often observed. Similar irregularities are reported by Clements, Miller 
and others. There seem to be three possible reasons for such inconsistent 
variations. 

First, the carbohydrate content is much more affected by other factors not 
under control in this experiment than by variations in fertilizer treatment. 
This possibility is supported by the work of Arthur, Guthrie, and Newell (1), 
who grew a number of plants under very carefully controlled conditions, such 
as control of temperature, humidity, moisture, light, and plant nutrients. 
They found that the intensity of, and time of exposure, to light were much 
more important factors in carbohydrate formation than were the fertilizers 
which were used. In this present work, no attempt was made to measure the 
intensity and time of exposure to light on the various plots, which were all 
located within a radius of 4 to 5 rods. It was assumed that for such a small 
area there would be no variation in atmospheric conditions of sufficient magni¬ 
tude to bring about any differences in sugar content of the plants. 
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Second, the method of analysis is not sufficiently accurate to give consistent 
results. This possibility seems rather remote because very careful tests were 
made on the alcoholic extracts of both tissue and sap as well as on pure solu¬ 
tions of glucose and sucrose by a number of methods and in all cases accurate 
checks were obtained. 

Third, more plausible explanation than the other two, the analysis of the 
reducing power does not give the true relation of the various sugars as they 
existed in the plants at the time of sampling. Webster (31) found that the 
nitrate nitrogen content of alcoholic extracts decreases upon standing, and sug¬ 
gested that sugars might vary in a like manner. Results obtained in prelimi¬ 
nary studies to this work, however, indicated that the composition of glucose 
and sucrose does not change in alcoholic extracts upon standing for at least 6 
months. The change appears to have taken place between the time the samples 
were taken in the field and the time when all enz 3 maes had been killed by boil¬ 
ing in alcohol for 1 hour. Before accurate results can be obtained in this type 
of investigation, it is necessary to perfect a method of sampling and preparing 
fresh plant material for anal 3 rsis that will assure the investigator that the 
material he analyzes is really showing the carbohydrate relations as they 
existed in the plant at the time the samples were taken. 

SUMMARY 

Analyses showing diurnal and seasonal variations in the sugar content of 
both the sap and tissue of the potato plant are presented. 

The percentage of glucose is in excess of sucrose in practically all samples of 
both leaves and stalks. 

The diurnal variation of glucose showed a more or less definite cycle, with 
minimum concentrations usually occurring at 4 or 8 a.m., and the maximums 
either at noon or 4 p.m., whereas sucrose remained about constant throughout 
the day. 

The amounts of total sugar ran higher as the plants got older. 

Under the conditions of this experiment, no differences were seen in sugar 
content attributable to the various fertilizer treatments. 

An opinion as to why carbohydrate analyses show such irregularity of varia¬ 
tion in this and other work is presented. 
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Some form of mechanical analysis has been used in this country for many 
years as a means for assigning textural class names to soils encountered during 
soil surveys. The function of a textural name is considered to be that of con- 
ve 3 dng an approximate idea of the size distribution curve of a soil. In this 
case it is apparent that the mechanical analysis, if such can be performed in a 
manner providing results of fundamental significance, is the most reasonable 
basis for siich a classification. When used in this capacity the individual soil 
samples dealt with are usually part of a succession of depth samples collected 
from a single soil profile which is considered to be representative, as judged 
by field observation, of the entire area covered by a single soil type. 

In addition, the textural name is widely used by laboratory and field workers 
to convey some idea of the field character and behavior of the soil. Any 
method of mechanical anal 3 rsis which aims at complete dispersion necessarily 
includes in its early stages the partial or entire reconstruction of the system 
colloid-absorbed cations. However desirable this may be from the viewpoint 
of the investigator in other respects, it gives a more or less imperfect picture of 
the physical properties of the soil as it exists in the field. The ideas conveyed 
by this statement have been dealt with by Keen (9,10) and will not be further 
enlarged upon. Although the mechanical analysis of a soil sample after a 
high degree of dispersion may be regarded at present as the best, and the least 
arbitrary, reference point for the expression of its texture, and although it con¬ 
stitutes a valu6.ble method of approach for certain kinds of research in soil 
physics, it is well known that a gap exists between the mechanical analysis 
and its interpretation in terms of field behavior. Zunker (18, 19) has made 
extensive observations in this direction, having examined the relations exist¬ 
ing between the specific surface and certain field characteristics of soils. 

A question arises, therefore, concerning the advisability of making expensive 
analyses of single soil samples, which at best are slightly variable from place 
to place, for which the immediate need is some basis for textural classification 
and an indication of probable field behavior. Various single-valued expres¬ 
sions have been used for the purpose of reducing the time involved in me¬ 
chanical analyses and the unwieldiness of the results obtained. No applica¬ 
tion of any single-valued expression to textural classification appears to have 

363 



364 


G. B, BODMAN AND A. J. MAHMUD 


been made, however, although various equations have been proposed to ex¬ 
press the approximate relation existing between certain of these and the cor¬ 
responding mechanical anal 3 ^s of soil samples. 

The moisture equivalent was originally proposed by Briggs and McLane in 
1907 as a purely arbitrary single-valued expression of water retentive power 
and was later mentioned by them as a possible basis for soil classification (4). 
The connections between moisture equivalent and water retaining capacity 
of soil col umns both in field and laboratory have since received much atten¬ 
tion, and useful relationships have been established (2, 7, 13, 17). For this 
reason the moisture equivalent has much interest under the agricultural con¬ 
ditions of western North America and wherever moisture may be the limiting 
factor in production. It has also been shown to bear a general, though not 
exact, relation to the permanent wilting percentage of soils (5, 1, 16) and to 
the non-sticky plastic range (3). 

The following equations have been proposed to connect the mechanical 
anal 3 rsis of a soil and its moisture equivalent: 

Briggs and Shantz, 1912 (4): 

M.E. « 0.02 sand + 0.22 silt 4-1.05 clay 
Alway and Russel, 1916 (1): 

M.E. « 0.14 sand + 0.27 silt + 0.S3 clay 
Smith, 1917 (14); 

M.E. = 0.023 sand + 0.25 silt + 0.61 clay 
Middleton, 1920 (11): 

M.E, « 0.063 sand + 0.291 silt -f 0.42 clay 

Smith’s equation is the result of direct determinations of the moisture equiva¬ 
lents of soil separates obtained from several Californian soil types of varying 
texture. The others were calculated by the method of least squares. In all 
cases the terms **sand,” ‘‘silt,” and “clay” refer to the U. S. Bureau of Chem¬ 
istry and Soils classification for analyses made by the old centrifugal method 
following simple pretreatment by shaking with ammonia water only. It is 
uncertain i:o what extent these equations would be changed if the mechanical 
analyses were to be made by methods producing a higher state of dispersion 
than was obtained by the ammonia pretreatment and centrifugal separation. 
In a large number of cases the clay content might be expected to be increased at 
the expense of the silt, thus changing the relative weights attributable to 
these two components in the calculation of the moisture equivalent. Thomas 
and Harris (15) and Joseph (8) have examined the effect of the constitution of 
the clay and silt particles upon the moisture equivalent. It is evident from 
their results that the chemical composition of the particle itself and of its ab¬ 
sorbed cations may influence the moisture equivalent value considerably. 

The additive nature of the effect upon the moisture equivalent of the physi¬ 
cal components of the soil has been investigated further in this laboratory by 
the direct method of measuring the moisture equivalents of mixtures of soil of 
known moisture equivalent values. The results so obtained led to a considera- 
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tion of the utflity of a combined moisture equivalent-soil class diagram and the 
application of the moisture equivalent for purposes of textural classification. 
The method and results follow. 

MOISTURE EQUIVALENTS OF SOIL MIXTURES 
Procedure 

Five samples of soil and a quartz sand were used in the experiments. Both 
soils and sand were air-dry. The finer materials contained many hard lumps 
which necessitated the use of a rubber-tipped pestle and mortar, and in the 
case of the Sacramento clay a hard-tipped pestle, to reduce them to a condition 
fijie enough to pass through a 1-mm. brass sieve. A 1-mm. rather than a 2-mm. 
sieve was used to make possible the preparation of more nearly homogeneous 
mixtures of soil. The samples were thoroughly mixed, placed in glass jars, 
and sealed, after which their contents of moisture were determined. From the 


TABLE 1 

Moisture eqtmalents of the soils used in preparation of the mixtures 


NOimEK 

NAiya 

MOISTURE EQUIVALENT 

24 

Quartz sand 

per<^ 

0 34 

13 

Gravelly sand 

44 

14 

Yolo sandy loam 

14 3 

IS 

Yolo sandy loam 

21 1 

22 

Yolo loam 

24 4 

30 

Sacramento clay 

36 2 


moisture content of each a table was prepared, giving the different weights of 
each air-dry sample which it would be necessary to take in preparing a series 
of mixtures with a second sample in which the two samples would be present 
in certain proportions on the dry basis. For every pair of the six samples, 
seven mixtures were prepared, such that one member of every pair was present 
as 12 5, 25, 37.5, SO, 62.5, 75, and 87.5 per cent, dry basis, of the mixture. 
SuflScient material was taken in the preparation of each mixture to give 90 gm. 
of mixture, the mixing being done as thoroughly as possible on a sheet of paper 
with a spatula. The six samples provided IS possible combinations, each 
combination being used in the seven different proportions already mentioned. 
The moisture equivalent determinations of the original samples and of their 
mixtures were made in duplicate by the usual method of procedure used at 
this station, the speed of the centrifuge being checked by four speed measure¬ 
ments made with a Peerboom and Schurmann tachometer at 10-minute inter¬ 
vals during each run. The moisture equivalents were expressed as percent¬ 
ages of the dry weight of the material. In case of deviations between 
duplicates in excess of 2 per cent of their average moisture equivalent, the 






TABLE 2 

Moisture equivalents of soil mixtures 
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determinations were repeated for those soil mixtures having a moisture equiv¬ 
alent greater than 10 per cent; for the coarser textured soils wider deviations 
were permitted. 

The series and class names of the soils represented by these samples are given 
in table 1. The class names are obtained from the mechanical analyses pre¬ 
viously determined by the old centrifugal method and by reference to the tri¬ 
angular diagram of Davis and Bennett (6). Sample IS is a heavy sandy loam, 
almost a loam. Sample 22 is a heavy loam, and as judged by its feel is gen- 



Fig. 1. Calculated and Observed Moisture Equivalents eor Four Soil 

Combinations 

Combmation A—soil 15 (M.E. - 21.1) and soil 22 (M.E. = 24.4). 

Combination F-^fl 22 (M.E. « 24.4) and soil 30 (M.E. « 36.2). 

Combination J-soil 13 (M.E. - 4.4) and soil 22 (M.E. « 24.4). 

Combination 0—soil 24 (M.E. » 0.3) and soil 30 (M.E. « 36.2). 

erally referred to as a clay loam. The mechanical analysis shows it to be on 
the boundary between a loam and a clay loam. 

Table 2 contains the average results of the duplicate determinations of the 
moisture equivalents of the samples and their mixtures. That member of a 
soil combination having the lower moisture equivalent is designated soil a, 
the member having the higher moisture equivalent being termed soil b. The 
calculated and observed moisture equivalents for combinations A, F, J, and 0 
are represented in figure 1. The observed moisture equivalent values evi¬ 
dently lie very close to a straight line connecting the moisture equivalents 
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of the component samples. Assuming an entirely additive relationship be¬ 
tween moisture equivalent and ph3:sical components, the equation of the line 
representing the moisture equivalent of mixtures of soil samples of known mois¬ 
ture equivalent values may be written as 

y ^ mv + ya 

where y “ the moisture equivalent in per cent of a homogeneous mixture of two soils, ff 
and b. 

ya = the moisture equivalent of the soil having the lower moisture equivalent. 
yb ^ the moisture equivalent of the soil having the higher moisture equivalent. 


and s => per cent of soil 6 in the mixture. 

The value of y in the foregoing equation has been calculated for each mixtmre 
in the 15 combinations and the calculated values are included in table 2, in 
italics. The soil combinations and the resulting moisture equivalents are 
tabulated in order of increasing values of m, that is, in order of increasing 
difference between ys and y®. A close parallelism between observed and cal¬ 
culated values is evident throughout. 

From the average deviations contained in the righthand column of table 2, 
it is evident that greater difference between observed and calculated values 
occurs in mixtures having widely different moisture equivalents. The aver¬ 
age deviation for all mixtures is ±0 61 moisture equivalent. For those mix¬ 
tures in which yt exceeded ya by a moisture equivalent percentage of 20 or 
less the average deviation is only ±0.44. The increase in the deviation which 
occurs with increase in m is evidently due to the difficulty of obtaining a uniform 
mixture of the component materials, the difficulty becoming greater with 
decrease in similarity of proportions of different dzed particles. Other errors 
of operation are probably emphasized in the result when the soil samples con¬ 
cerned are very dissimilar. 

These results suggest the direct application of Smith’s values connecting 
the moisture equivalent and mechanical analysis to the soil texture diagram of 
Davis and Bennett. Suppose the equilateral triangle diagram, with its in¬ 
scribed class boundaries and triangular codrdinate S3^tem be conadered as 
the base, ABC, of a truncated prism (see fig. 2), having vertical edges measur¬ 
ing upwards respectively 2.3 units (AA') from the 100 per cent sand apex, 25 
units (BBO from the 100 per cent silt apex, and 61 units (CC') from the 100 
per cent clay apex. Thus a three-dimensional figure is obtained whose height 
at any point, corresponding to a given individual soil sample correctly placed 
on the plane of the inscribed base, provides the moisture equivalent of the soil 
sample concerned. This is simply an extension of the idea, experimentally 
established by the preset resffits, that the moisture equivalent of a soil 
mixture is represented by some value intermediate between the mois¬ 
ture equivalents of the two soil components, and of a magnitude depend- 
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ent upon the proportions of those components present in the mixture. In 
figure 2 the moisture equivalent for a mixture of sand and silt containing x 
per cent silt is given by the vertical distance y. Similarly the height y' gives 
the moisture equivalent of a mixture of sands and clay represented by the point 
E. Soils of intermediate composition between D and E, such as F, will have 
moisture equivalents between y and y'. Soil F, for example, would have the 
moisture equivalent y". By location along A'B', B'C', and A'C' of the pos- 


c' 



^ .4- Q 

Flo. 2. DiAGSAM IlXtTSlEATINO RELATION BETWEEN MoiSTtTSE EQinVALENT AND 
Mechanical Comeobition 

able moisture equivalent values, points of equal height in the plane A'B'C' 
may be connected by straight lines. A moisture equivalent scale is thus ob¬ 
tained upon the sloping area which may be projected conveniently upon the 
horizontal base, as in figure 3, whereby a diagram is obtained proving for the 
rapid, direct, graphic calculation of the moisture equivalent of a soil sample 
having a given tertural composition. Conversely, given the moisture equiva¬ 
lent and the amount present of any one of sands, silt, or clay, the mechanical 
analysis and hence the class name may be determined graphically. 
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The efSciency of the method outlined as a means of obtaining the textural 
class name of a soil sample was tested for 169 surface and subsoil samples from 
three soil survey areas in California. In order to obtain in addition a more 
representative set of soils for consideration reference was made to the paper by 
Middleton (11) which includes mechanical analyses and moisture equivalents 
for 34 soils from various parts of the coimtry. Textural class names were 
then assigned by means of a larger scale, modified form of figure 3, a moisture 
equivalent-sand diagram, in which percentage of sands was marked off along 
the horizontal axis and percentage moisture equivalent along the vertical 
axis. The boundary lines of the areas representing the various textural classes 
were then drawn in through those coSrdinate points representing transitions 



Fio. 3. Soil Class-Moisture Equivalent Diagram Based on Davis* and Bennett’s 
Triangle and Smith’s Moisture Equivalent Values tor Soil Separates 


from one textural class to another. The values for sand content and moisture 
equivalent were obtained and the class name was decided from the area in 
which the points of intersection fell. Any points falling outside the diagram 
were assigned to the class whose area they most nearly approached. Of the 
Californian samples examined, 100 were analyzed by the centrifugal method of 
separation and 69 by the pipette method following acetic acid, hydrogen perox¬ 
ide, hydrochloric add, and sodium oxalate pretreatment (12). The results 
are given in table 3. '^Complete agreement” signifies that the same dass 
name would be given to the soil sample whether the name were determined 
by means of the triangular mechanical analysis class diagram of Davis and 
Bennett, or by the moisture equivalent-sand diagram. When the two methods 


BoxL BcxsKcs, voxi. xxxm, MO. 5 






372 


G. B. BODMAN ANB A. J. MAHMUD 


of obtaining the texture name resulted in the names of adjacent class areas 
being assigned to a single sample the agreement was considered as “fair.” 
In some cases the soils showing “fair” agreement were actually very near to 
complete agreement, and separated from each other by only a short distance, 
yet falling in two different classes. When a greater discrepancy than the fore¬ 
going was obtained the agreement was termed “poor.” 

A moisture equivalent-sand diagram method of textural classification may 
be expected to attribute more weight to the field behavior of the soil than does 
the mechanical analysis, since two properties have been used which are asso¬ 
ciated closely with field methods of classification and field behavior and which 
may be expected considerably to influence the judgment of the field observer. 
This probably explains the higher degree of agreement between the mechanical 
analysis and moisture equivalent methods of class naming when the centrifu¬ 
gal method of mechanical analysis was used than was obtained by means of 
the pipette method of analysis. The analytical method giving the higher 
degree of dispersion probably overemphash^d the fineness of the soil from the 


TABLE 3 

Degree of agreement obtained between class names determined by triangular diagram {Davis and 
Bennett) and moisture equivalent-sand diagram {based on Smithes values) 


AGHBEUENX 

AMMONIA WUaTKEATMBNT— 
CEMTAnrUGAI. SSPASATXON 

PEROXn)E-ACII>- 
SODIUM OXALATE 

PaETREATMBNX— 

PIPETTE SAMPLING 
AND SIEVINO 

Californian soils 

Middleton’s soils 

Complete. 

per cent 

•56 

38 

6 

percent 

65 

35 

0 

percent 

29 

39 

32 

Fair. 

Poor. 



field point of view. The class designations in the case of the diagram of Davis 
and Beimett are based on centrifugal mechanical analysis of the soils already 
named texturally by experienced men who collected them (6). This diagram 
can hardly be expected to continue to serve as the basis of textural classifica¬ 
tion if a method of analysis is used which no longer has the field significance of 
that upon which the diagram itself is based. 

SUMMARY 

The results of moisture equivalent determinations of mixtures of soil samples 
of known moisture equivalent values and in known proportions are presented 
in support of the suggestion that a single diagram based upon Davis’ and 
Bennett’s soil class triangle, Smith’s directly determined moisture equivalent 
values of soil separates, and the total sand content, may be used to give useful 
approximations to the textural class names. The texture of the sample 
would thus be fixed by means of moisture equivalent and total sand deter¬ 
minations only, both being operations which can be performed rapidly. In 
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addition; the highly useful moisture equivalent value would be available for 
various other purposes. Since the diagram of Davis and Bennett is in turn 
based upon the mechamcal composition of the soil as analyzed by a mild 
form of pretreatment and centrhugal separation (the Bureau of Soils old 
method of analysis), it is evident that this method of analysis alone can be 
used for an accurate designation of the class names of normal soils where this 
particular triangular diagram is to be used. 

The purpose of the mechanical analysis of samples collected during the course 
of a soil survey is primarily to guide the soil surveyors in their application of 
textural names and secondarily to indicate the probable field behavior of the 
soil. It is not to be expected, therefore, that a method of analysis, the object 
of which is complete dispersion of the soil, will be well fitted to the needs of a 
soil survey, although such a method has much to recommend it for soil ph 3 rsics 
researches and detailed profile examinations.^ 
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INVESTIGATIONS CONCERNING SEPARATION OF SIMILARLY 
CHARGED IONS FROM SOILS BY ELECTRODIALYSISi 

AASULV LODDESOL* 

Rec^ved for publication November 2 , 1931 

In electrodialysis experiments the different cations which are liberated from 
the solutions or suspensions contained in the middle compartment of a three- 
chambered apparatus will be accumulated in the cathode chamber as hydrox¬ 
ides. If the material which is dialyzed contains a compound of cations that 
can be liberated, for example K, Na, Ca, Mg, Fe, and Al, the cathode water 
after some time will consist of a mixture of the respective hydroxides, of which 
the hydroxides of magnesium, iron, and aluminum will precipitate more or 
less completely, because they are relatively insoluble in alkaline solution. The 
formation of these hydroxides can, if more than traces are present, be dis¬ 
tinguished since the cathode water changes from colorless to light yellow. 

The anions liberated from an electrodialyzed medium migrate to the anode 
where a formation of acids in the anode water takes place. If we deal with 
soil suspensions which contain humus material the dialyzate in the anode 
chamber will consist of a mixture of mineral adds and electrodialyzable ^^humic 
acids.” The presence of ‘‘humic adds” will make the color of the anode water 
more or less yellow or brown, depending on the amount which enters the anode 
chamber. In the electrodialysis of muck or peat soil the anode water may be 
dark brown. 

The analytical procedure for separation of the different ions in the dialyzates 
obtained by electrodialysis of soils is relatively simple compared with the 
procedure of anal 3 ^is of extracts from leaching experiments. This is because of 
the greater degree of purity of the dialyzates as compared to the extracts 
obtained by treating the soil samples with acids or solutions of neutral salts. 
If it were possible, however, to separate the different ions in the apparatus 
itself, before the dialyzates were drained from the respective chambers, it 
would be of great theoretical interest and also have considerable practical 
value, since it would simplify the analytical procedure. Such a separation of 
equally charged ions would find application in different branches of science, 
and not alone in the investigation of soils. 

1 Contribution from the department of soils, Ohio State University. 

* Instructor in geology and soils at the Agricultural College of Norway. 

The work reported in this paper was performed by the author while located in the soils 
department of Ohio State University, under a fellowship supported by the Rockefeller Foun¬ 
dation. The author gratefully acknowledges the helpful suggestions and criticisms given by 
Dr. R. Bradfield during the progress of the investigations. 

375 



376 


AASXJLV LODDESOL 


The possibility of an electrodial 3 ?iical separation of ions bearing similar 
electrical charge has, according to the author^s knowledge, never been discussed 
in the literature. The idea that at least a partial separation of the ions liber¬ 
ated from soils could be obtained, arose in connection with a series of electro¬ 
dialysis previously performed by the author (3). The fact that some of the 
liberated ions form, and some ions do not form, precipitates in the electrode 
chambers, was the fundamental principle upon which the idea of separation was 
based. 


APPARATUS AND METHODS OP INVESTIGATION 

In order to test the possibility of a separation of different cations and differ¬ 
ent anions the author has constructed a five-compartment electrodialysis 
apparatus, which is shown in plate 1.^ This apparatus was developed from the 
author’s previously described three-compartment cell (2) by inserting two new 
chambers between the middle chamber and the end chambers, one chamber at 
each side. These intermediate chambers have a capacity of 60 to 65 cc. or 
about half the volume of the end chambers. It is possible that the volume of 
the intermediate chambers may later be changed so that all chambers, except 
the middle chamber, will be of equal capacity. However, the intermediate 
chambers should be made short so that the distance between the electrodes, 
which are placed in the end chambers, is not greatly increased. Like the other 
glass parts of the apparatus, the new chambers are made of P 3 n:ex glass, 

A five-compartment apparatus, or a multiple cell with more than three 
compartments, can easily be constructed from the three-compartment cell. 
The requirements are only extra chambers and an extra set of sufficiently long 
rods, which are fitted to the frame of the three-compartment apparatus. As 
it is convenient to have supports beneath the connections of the chambers 
when the different parts are joined together, small supports of wood have been 
made. These are so formed that they fit to the flanges of the compartments 
which are placed together. The many connections in a multiple-compartment 
cell require a rather high pressure from the adjusting screw in order to get all 
chambers tight. Therefore all gaskets between the flanges and the cushions 
at the ends of the apparatus must consist of soft rubber. 

A separation of different cations and different anions in the multiple apparatus 
has been investigated according to the following principles: 

(a) By using different kinds of membranes between the different chambers. 

(b) By precipitation of some of the liberated cations in the intermediate chamber (C. I) 
whereas other cations are allowed to migrate to the end chamber (C. II). 

(a) With regard to the action and the permeability of membranes, Weiser 
(7) has reviewed and discussed the different theories which deal with this 
problem. Stated briefly, he has pointed out that separation of different 
substances by membranes appears to depend partly on: 

* This apparatus can be supplied by the Central Scientific Company of Chicago. 
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A. The size of the pores in the membranes in relation to the size of the ions or molecules 
which are to be separated. 

B. Solubility of the substances in the membranes 

C. Adsorption in the membranes, the latter acting as adsorbents which take up more of 
some substances than they do of other substances. If the solvent is adsorbed to a greater 
extent than the solute we have the so-called negative adsorption 

Then, the penetration of ions or molecules through membranes is more or 
less affected by the nature of the electrical charge on the membranes them¬ 
selves, as briefly discussed in a previous publication (3). 

Compared with ordinary dialysis the penetration of ions or molecules 
through the membranes is more or less forced because of the application of the 
electrical current. The case is therefore rather complicated and it is difScult 
to suggest before hand the types of membranes by which a separation of the 
similarly charged, but different ions can be obtained. 

(b) The separation of different ions by precipitation of some of the ions in 
the intermediate chamber seems more simple when dealing with a mixture of 
various cations, because of the insolubility of certain hydroxides. 

How far a separation of similarly charged ions can be obtained by arranging 
electrodes in all chambers of the multiple cell and by a regulation of the drop 
in potentials between the electrodes has not been investigated. By such an 
arrangement it would be possible to decrease the distance between the elec¬ 
trodes, and the process of electrodialysis would be facilitated. Then the 
interesting problem of separating different ions according to the size of the 
electrical charge on the ions could be studied. 

In the following pages results are presented from a series of experiments in 
which an electrodialytical separation of similarly charged ions has been at¬ 
tempted. The experiments performed are of a preliminary character, and it 
was the author’s intention not to present the multiple electrodialysis apparatus 
till more extensive investigations were made. Several circumstances, how¬ 
ever, have made it impossible to continue at the present time and therefore it 
seems desirable to publish the results which already have been obtained. 

EXPERIMENTAL 

The experiments reported in the following paragraphs were performed with 
125 volts. The distance between the electrodes, which were placed in the 
end chambers, varied according to the number of compartments used in the 
different experiments. In the three-compartment cell the electrode distance 
was 9 cm.; for each new compartment inserted the distance was increased by 
3 cm. so that we have 12 cm., IS cm., and 18 cm. electrode distance when four-, 
five-, or six-compartment cells were used, respectively. Four compartments 
were used when a separation of only one part of the ions liberated from the 
medium electrodialyzed was desired, and five compartments when a separation 
of both the cations and anions was the object to be attained. In a few cases 
an apparatus consisting of six compartments was tried. 
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As will be understood, the potential diJlerences were small when four or 
more compartments were used, and the removal of ions was accordingly 
slow. In order to speed up the movement of ions the voltage should be 
increased, which also would increase the amperage, and when soils are to be 
electrodialyzed this is to be recommended. 

The quantitative anal 3 ^es were carried out according to standard methods: 
Silica was determined as Si02, iron and aluminum as Fe 203 + Al20a, iron alone 
by reduction with stannous chloride and subsequent titration with KMn 04 , 
magnesium as Mg 2 P 207 , and sodium + potassium as the sum of the chlorides. 
The nitrate nitrogen was determined with the phenoldisulfonic acid method, 
phosphoric acid was determined volumetrically as ammonium-phospho- 
molybdate, chlorine was titrated with AgNOa solution, and sulfate was deter¬ 
mined (approximately) with the turbidity test of the barium salt. 

The qualitative tests of Fe"*^ were made by the thiocyanate method, Fe++ 
was detected by potassium ferricyanate, aluminum with alizarin-S (sodium 
salt of alizarin monosulfonic acid), calcium as oxalate, magnesium as pyro¬ 
phosphate, nitrate with diphenylamine, phosphate with stannous chloride in 
solution of ammonium molybdate, chlorine as silver chloride, and sulfate as 
barium sulfate. In a few samples manganese was expected to be present and 
tests for Mn with potassium periodate were made. [Descriptions and refer¬ 
ences to the different methods can be found in Yoe (8).] 

Experiments with pure salt solutions 

In order to select the types of membranes which might be suitable for use 
in the separation of certain ions a series of experiments were performed with 
pure salt solutions. Results from these experiments are given in tables 1, 2, 
and 3. 

The experiments reported in tables 1 and 2 were made with the three-com¬ 
partment cell. In table 1 are given results from experiments with solutions 
of ferric sulfate and calcium chloride. The purpose of these experiments was 
to find a membrane by which iron could be separated from calcium. The 
results can be summarized briefly as follows: 

Fishskin, parchment, and cellophane membranes are all permeable to Ca 
and Fe+++; rubber membrane, however, is not permeable to Fe+++ under 
ordinary experimental conditions. The rubber membrane allows penetration 
of Ca but the process is very slow. 

When rubber was used as the cathode membrane a precipitate of iron was 
found on the middle chamber side of the membrane. In the other experiments 
iron precipitate was found in the cathode membranes themselves, but the 
membranes were still permeable to the ferric ion, since Fe(OH)s was detected 
in the cathode water. The formation of precipitate on and in the membranes 
must be due to hydrolysis around the membranes. This explanation is based 
on the statement made by Bradfield (1) that when a solution is electrodialyzed 
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Experiments with different kinds of membranes and solutions of ferric suMate and calcium chloride in the three-compartment apparatus 
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TABLE 3 

ExperimeTtis with different kinds cf membranes in the five-compartment apparattis 
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hydrolysis takes place, forming an alkaline reaction around the cathode mem¬ 
brane and an acid reaction around the anode membrane. 

To the author’s surprise iron was found in significant amounts in the anode 
fractions from all experiments where rubber was not used as anode membrane. 
That Fe+++ as an electropositive ion migrates to the anode seems very improb¬ 
able, and the explanation why iron is found in the anode fractions must be 
that a complex ion with electronegative charge is formed. It is known that 
the sesquioxides of iron and aluminum are electrical ampholytes. The cor¬ 
responding hydroxides are supposed to be electropositively charged, but, as 
Mattson (4) has pointed out, these hydroxides might under certain conditions 
contain more or less acid anions. If ferric hydroxide is taken as an example 
the Fe(OH)s molecule combines in water with the OH ion, the complex being 
negatively charged, and migrates toward the anode. The H ion, however, 
remains free and migrates to the cathode. 

Now the question becomes pertinent if a formation of Fe(OH )3 is probable 
or possible in the solutions used in the electrodialysis experiments. First it 
should be stated that the movement of iron toward the anode did not take 
place immediately when the electrical circuit was established but only after 
prolonged electrodialysis when a considerable amount of the acid anions was 
removed from the solution. If a solution of Fe 2 (S 04)8 is electrodialyzed the 
following reactions noiight take place: 

FcCSOJs 2Fe+++ + 3SO~ 

6 HOH ;=± 60Br + 6H+ 

2 Fe(OH )3 + 6 H+ + SSO" (4H+ + 2 SO 4 — removed) 

I I I 

rFe(OH),\ T- 

>S04 + 2H+ 

LFe(OH3,/ J 

The foregoing equation indicates that some of the H and SO 4 ions will be 
removed by electrodialysis and at a certain point of acidity in the solution the 
Fe(OH )8 molecules formed might absorb SO4 ions remaining in the solution. 
The pH value of the solution when the migration of iron toward the anode 
starts has not been exactly fixed, but tests with litmus paper showed that the 
reaction was slightly add. 

The suggested feriic-hydroxide-sulfate complex, which could be illustrated 
by the formula 


must be of molecular dimensions, since it penetrates through certain types of 
membranes. Rubber membrane, however, seemed impermeable for this 
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complex, and only under extreme conditions, as when the temperature in the 
apparatus arose to the boiling point, which might influence the behavior of 
the membrane considerably, a trace of Fe+++ was detected in the anode water. 

Experiment with a solution of ferrous sulfate (not reported in the tables) 
showed that iron migrates toward the anode also in the ferrous form. 

A migration of iron to the anode is observed also in case a Fe Cls solution 
is electrodialyzcd, but it takes place to a less extent than when a Fe 2 (S 04)8 
solution is used. The reason must be that the ferric hydroxide complex com¬ 
bines with the divalent SO4 ion to a greater extent than it does with the mono¬ 
valent Cl ion [cf. Mattson (4)]. 

Solutions containing aluminum and magnesium chlorides have also been 
investigated in order to determine whether the aluminum and magnesium show 
a behavior similar to that of iron in the electrodial 3 dical system. It was found 
that both the aluminum and the magnesium migrated to the anode but in the 
case of MgCU solution only a trace of Mg-ions was detected in the anode 
fractions, whereas in the cathode fractions a heavy precipitate of Mg(OH )2 
was formed. This was the case regardless of whether the temperature was 35° 
or 100°C. 

Also in the experiments with aluminum and magnesium solutions a precipi¬ 
tate was found on the cathode membrane. The experiments, which are re¬ 
ported in table 2, show that parchment and cellophane are permeable to Al+*^ 
and Mg+’+. 

According to information given to the author by R. Bradfield a movement of 
aluminum and magnesium to the anode has also been observed in his electro¬ 
dialysis experiments. The data, however, have not yet been published. 

In table 3 are reported results of experiments with different kinds of mem¬ 
branes in the five-compartment apparatus. Experiment 1 shows that iron is 
found in all the side chambers when fishskin is used as membranes. The move¬ 
ment of iron, however, is rather slow, since a considerable amount was found 
in the intermediate chambers. 

In experiment 2 the temperature was allowed to rise to the boiling point. 
Under these experimental conditions also, iron moved to the end cathode 
chamber together with calcium when cellophane was used as membrane be¬ 
tween C. I and C. II. A certain amount of ferric ions was reduced to ferrous 
ions. A reduction of the ferric to the ferrous form was also observed in experi¬ 
ment 4, table 1, where the temperature reached the boiling point. 

Experiment 3 differs from the others in this respect in that small portions 
of NaOH solution were added to the dialyzate in C. I during the time of experi¬ 
mentation. The purpose of such a procedure was to study whether or not it 
was possible to precipitate all the iron as hydroxide in C. I and prevent its 
movement to C. II. The reaction in C. I was observed by introducing litmus 
paper in this compartment. As is 'seen from table 3 no iron was detected in 
C. II in this experiment. A relatively strong alkaline reaction in the inter¬ 
mediate chamber should be sufficient to prevent the movement of iron to C. II, 
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regardless of whetiier or not the membrane used between C. I and C. II is 
permeable to iron. From experiment 2 it is seen that the transportation of 
calcium through C. I has not been sufl&cient protection to stop the iron from 
penetrating through the cellophane membrane to C. II, but the high tempera¬ 
ture in that experiment might have forced the migration to a certain extent. 

Experiment 4 dealt with a calcium chloride and diammonium phosphate 
solution. As seen from the table the rubber membrane is rather impermeable 
to PO4 ion since PO4 is detected in A. I after 20 hours of dialysis. The presence 
of a small amount of Ca in C. I shows that rubber also is somewhat impermea¬ 
ble to that ion. By repeating this experiment and electrodialysis during a 
period of 160 hours all PO4 and Ca ions were removed from the intermediate 
chambers. 

An experiment was also performed with a solution of O.liV CaCb and O.liV* 
FeCls solution, using a six-compartment apparatus of which three compart¬ 
ments were placed on the cathode side and two on the anode side. The experi¬ 
ment was continued for 3 hours at a temperature of 30®. Parchment was used 
as membranes between all chambers. Qualitative tests showed that practi¬ 
cally all the Ca was removed to the end chamber (C. Ill) only a trace was 
detected in C. I, whereas a heavy precipitate of Fe was found in this chamber. 
In C. II only a trace of Fe was present, but Fe was detected in significant 
amounts in both anode chambers. 

Experiments with diferent types of soils 

Experiment with Bedford red clay from Centred College, Franklin County, Ohio, 
in the five-compartment apparatus. A 50-gm. soil sample which had passed 
through a 100-mesh sieve was used. The temperature was held at 30®C. As 
membrane cellophane was used between the middle compartment and the two 
intermediate chambers. Between the last mentioned chambers and the end 
chambers rubber membranes were used. 

As the ammeter reading indicated that the liberation and removal of ions 
from the soil suspension was very slow, presumably mostly because of high 
resistance in the rubber membranes, dilute HCl was added in the middle 
chamber in order to improve conductivity. The reaction of the soil suspen¬ 
sion, which was slightly alkaline was then changed to about pH 3. In aU, 40 
cc. O.liV HCl were required to reach the pH value mentioned. After 48 hours 
of dialysis the diaJyzates were drained from all chambers. 

In the dialyzate from C. I a slightly white-yellow precipitate was observed, 
whereas the dialyzate from the end chamber (C. II) was perfectly clear and 
colorless. Quantitative anal 3 i^is of the two fractions showed that the dialyzate 
from C I contained 4.35 m.e. of Mg and 0,23 m.e. of Mn per 100 gm. of soil, 
besides a small amount of Si but no Fe or Al.^ Neither Ca, K, or Na was 
found in the dialyzate from C. I. The dialyzate from C. 11 contained 10.36 

* The presence of Si in the cathode water was first observed by Od^n (5) and later has been 
found by several investigators. 
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jn e. of Ca and 1.76 m.e. of K + Na per 100 gm. of soil. In this fraction no 
traces of Mg, Mn, Fe, Al, or Si were found. 

These results seem to indicate that Mg and Mn can be separated from Ca, K, 
and Na under certain conditions but they do not tell whether the separation 
is a result of impermeability of the rubber membrane for the ions mentioned, 
or whether it is due to precipitation of Mg and Mn as insoluble hydroxides in 
the slightly alkaline solution which is formed in the intermediate chamber 
(C. I) as a result of the passage of Ca, K, and Na. On the contrary, the sepa¬ 
ration of Si from Ca, K, and Na might be the result of a membrane effect, since 
conditions in C. I should not promote a precipitation of Si in this chamber. 

The anode fractions, both of which were perfectly clear and colorless, were 
not analyzed. It was proved, however, that the Cl ions from the added HCl 
moved to the end chamber (A. II) and, at least to a certain extent, were liber¬ 
ated as chlorine gas. 

Experiment with a sample of Paulding clay, subsoil, from Paulding County 
Experimental Farm, Ohio. The experimental conditions varied from those 
described in the previous experiment in these respects: The rubber membranes 
were changed and instead parchment was placed between the intermediate 
chambers and the end chamber. No HCl was added to the soil suspen¬ 
sion. Every 24 hours the dialyzates were drained and the chambers reMed 
with distilled water. The experiment was continued for 168 hours. 

Qualitative determinations made in the dialyzates confirmed the fact that 
the cations which form strong bases move to the electrode chamber (C. 11), 
and that the cations which form insoluble hydroxides will at least to a large 
extent precipitate in the intermediate chamber regardless of whether or not 
the membrane which is placed between these chambers is permeable to these 
ions. However, if the intermediate chamber is drained while the transpor¬ 
tation of ions is proceeding, small amounts of certain ions which otherwise 
would be found in the end chamber might be found in the intermediate 
chamber. This was proved in this esperiment, as the first fraction of the 
dialyzate from C. I contained a small quantity of Ca. 

The anode fractions were tested for phosphoric acid colorimetrically. It is 
of interest to note that none of the fractions from A.I contained PO* ion. The 
first fraction from A. II was found to be high in phosphoric acid content; on the 
contrary the PO 4 in the second fraction was very low. In the third and fourth 
fractions the PO4 content was medium and then it gradually decreased from 
fraction to fraction and by the end of 168 hours of dial 3 rsis only traces were 
found. 

The pH value of the original soil suspension was 6.60. At the end of the 
second interval, which introduced the second maximum of PO 4 liberation, the 
pH value of the suspension was 5.35, and by the end of the fourth interval it 
was 4.95. In the liberation of cations corresponding increases in the amounts 
removed from the soil during the third and fourth intervals were found. 
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Experiment wUh a sample of Saw grass muck soil from the Everglades Experi^ 
ment Station^ Belle Glade, Florida} The experiment was performed under 
almost the same conditions as those described in experiment 1. The size of 
the sample used for electrodialysis, however, was 25 gm., and dilute HCl was 
not added during the first interval of 48 hours (a). The membrane arrange¬ 
ment is shown in table 4. The pH value of the soil suspension was 5.65 at the 
start and 5.25 at the end of the first interval. After the dialyzates had been 
changed the experiment was continued for a new period of 48 hours during 
which a total of 30 cc. of O.liV HCl was added in several portions (b). The 
pH of the suspension was then changed to about 5. The main purpose of this 
experiment was to determine whether or not a separation of the electrodialyz- 
able humus acids from the mineral acids could be made. 

The anode fractions from A. II were perfectly clear and colorless, whereas 
the a-fraction from A. I was clear but yellow and the b-fraction from the same 
chamber was clear but dark brown. The rubber membrane placed between 
A. I and A. II had evidently caused the “humic acids” liberated from the 
suspension in the middle chamber to be retained in A. I. 

The analytical data from the experiment are given in table 4. It is of 
interest to note that all strong mineral acids are found in A. II. The phos¬ 
phoric acid, however, is found in both A. I and A. II, but in greatest amounts 
in A. I, Rubber membrane is, in other words, permeable to PO 4 ions to a cer¬ 
tain extent, as also was found in the experiment with diammonium phosphate 
solution (table 3, experiment 4). 

In all anode fractions traces of silica were detected. According to this, 
rubber is not entirely impermeable to silica, at least in an acid medium. No 
traces of Fe + A1 were found in the anode fractions. 

Comparisons between the sums of mineral acids, in terms of milligram 
equivalents, found by chemical analysis and the amounts of acids found by 
titration show that there is a significant difference in the a-fraction from A. I 
and a rather great difference in the b-fraction from the same chamber. These 
differences must presumably be “humic acids” which are held back in A. I 
by the rubber membrane together with phosphoric acid. Similar comparisons 
made for the anode fractions from A. II show that the amounts found by an¬ 
alysis and by titration agree very well with each other. 

It should be stated that the titrations of the A. I-samples were made on 
aliquots sufficiently diluted so that the color due to the “humic acids” did not 
interfere seriously with the color of the indicator used (methyl red). 

In order to compare the amounts of organic material in soluble form in the 
different anode fractions aliquots were treated with dilute sulfuric acid and then 
titrated with KMn 04 solution. The amounts of permanganate solution used 
for oxidation of the organic material should indicate whether or not the sepa¬ 
ration of the electrodialyzable “humic adds” from the mineral adds, except 

* The author gratefully acknowledges the coSperation of Mr. J. A. Naftell who furnished 
this sample. 
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PO 4 (trace) 

NO 3 = 0.388 
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phosphoric acids, is complete. It should be pointed out that no ferrous salts 
or other reducing substances which could interfere with the results were present 
in the anode fractions. In the following collocation the results are given in 
cc. O.OSiV KMn 04 solution per fraction: 

The a-fractions: A. I used 7.2 cc. and A. II used 0.0 cc. KMn 04 
The b-fractions: A. I used 46.6 cc. and A. II used 0.0 cc. KMn04 

The data show that the rubber membrane, under the experimental conditions 
stated in the foregoing, has been entirely impermeable to ‘‘humic acids.” The 
effect of the HCl treatment of the soil suspension during the b-interval on the 
liberation of “humic acids” from the soil studied is indicated in the great 
difference between the amounts used for oxidation of these acids in the two 
fractions. 

The results concerning the cations liberated from the same soil are also given 
in table 4. No Fe + A1 are found in any of the fractions. The electrodialysis 
of the sample was continued only until about pH 5 was reached in the suspen¬ 
sion. It was found in earlier experiments that the liberation of Fe and A1 takes 
place only when the reaction of the suspension has changed to below pH 5 (6). 

As seen from the table calcium is found in the largest amounts in the C. II 
fractions but small amounts are also found in the fractious from C. I. The 
presence of Ca in C. I can easily be understood, as the liberation of Ca from 
the suspension still was proceeding when the cathode chambers were drained. 
In order to obtain complete movement of Ca to the end chamber, the middle 
compartment should be drained and refilled with distilled water some time 
before the end chambers are drained. 

Magnesium was found in about equal quantities in all fractions, whereas 
potassium and sodium migrated readily to C. 11. The trace of K + Na which 
was detected in C. I in the b-fraction was presumably there for the same 
reason as mentioned for Ca. 

Silica was found to be present in all the cathode fractions. These results 
show that the parchment membrane used between C. I and C. II has not 
prevented the penetration of the silica complexes such as found in the case 
where rubber membrane was used on the cathode side (experiment with Bed¬ 
ford red clay). 

Comparisons of the sums of cations found by analysis and the amounts 
found by titration gave relatively good agreement. These data also can be 
found in table 4. 

The experiment with the Saw grass muck soil was repeated, the only differ¬ 
ence in the experimental conditions being that a cellophane membrane substi¬ 
tuted the rubber membrane between A. I and A. 11. In this case the dialyzate 
in A. II becomes brownish in color presumably because of “humic acids,” 
which, in this experiment, moved to the end chamber. 

The result obtained in the experiment with the muck soil is of great interest. 
If it is not possible to provide a membrane more permeable to phosphoric add 
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but not permeable to “humic acids,” it might be possible to produce pure 
“humic acids” by continued electrodialysis of the dialyzate from A. I, either 
in the same experiment (cf. the remarks to experiment 4, table 3), or in the 
three-compartment cell using rubber membrane on the anode side. Traces of 
silica apparently can be removed in the same way and the problem of produc¬ 
ing the more or less hypothetical “humic acids” in pure form should be solved. 

It also should be pointed out that the method of electrodialysis according to 
the principles developed in the foregoing might be very useful in the study of 
the different “humic acids” in the soil. By fractional electrodialysis the 
different acids which are liberated from the soil suspension at various pH 
values can be studied, and the effect of various treatments in the apparatus 
on the speed of acid liberation can easily be investigated. 

Experiments with electrodialyzed colloidal clay later saturated with certain cations 

In a series of experiments the removal and separation of ions from electro¬ 
dialyzed colloidal Paulding clay later saturated with different cations were 
studied. The clay suspension, which was prepared and supplied by Dr. R. 
Bradfield, had a pH value of 3.45, contained 4.3 per cent of clay colloids, and 
the total base saturation capacity was known to be approximately 80 m.e. 
per 100 gm. of clay. The amount of suspension used in the experiments 
corresponded to 2 gm. of clay colloids, which were saturated with 6 parts of 
either Ca, Na, or K and with 2 parts of either Fe, Al, or Mg. The three first 
mentioned cations were added in the form of hydroxides, the three latter as 
solutions of the corresponding chlorides. In one case the Mg was added as 
oxide. 

After being mixed the samples were shaken for 2 hours in a shaking machine 
and afterwards stored over night. Before pouring into the electrodialysis 
apparatus the samples were shaken thoroughly by hand, and the pH values 
determined. The suspension in the electrodial 3 rsis apparatus was thoroughly 
stirred and a constant temperature of 25°C. was maintained during the time 
of electrodialysis. The experiments were continued until the original pH value 
of the suspension was approximately reached. 

The membrane arrangement in the experiments as well as the results are 
reported in tallies S, 6, 7, 8, and 9, The experiment reported in table 9 was 
performed with a four-compartment apparatus, as only one anode chamber was 
used, while the other experiments were made with the five-compartment cell, 
the two compartments at each side of the central chamber being used. 

Table S gives the results with the Ca and Fe saturated clay. Practically all 
the Ca put into the soil suspension was found in C. II, and no trace was de¬ 
tected in C. I. The Fe liberated, however, was stopped in chamber C. I 
except possibly a trace in C. II. Only about half of the amount of Fe, how¬ 
ever, which was used for saturation, was found in C. I. It should be noted 
that a considerable amount of Fe precipitate was found on and in the membrane 
between the middle chamber and C. I, Traces of silica were detected in all 
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ExperimerU with eledrodialyzed clay colloids later saiurated with calcium and ferric ions and then electrodialyzed for 24 hours 
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NaOH Titratable acids A1 (+Fe) (trace) Final 

0.400 in,e. AI in = 0.030 Titratable acids 3.60 

AlClt - 0.303 



TABLE 7 

Experimeni with elecfrodialyzed day coUoids, later saturated with potassium and magnesium and then ekctrodialyzed for 48 hours 
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Fe + A1 (trace) Si = 0.139 KOH Mg (trace) Mg (trace) Final 

Si (trace) 0.400 m,e. Mg in Titratable adds Titratable adds 3.6S 

MgO = 0.010 = 0.035 


























392 




SEPAJS^TION OF IONS FROM SOILS 


393 


fractions and in the anode fractions were also detected significant traces of 
(Fe + Al). The amounts of titratable acids in the anode fractions are also 
given in the table. It will be seen that the amount of Cl in the A. II fraction 
accounts for the main part of the acids found in that chamber. The reason 
why a smaller amount of Cl is found in the anode water th an the amount which 
was added in the FcCls solution is that some of the Cl was liberated as gas at 
the anode. Practically no acids were found in A. I. 

The experiment with the Na and Al saturated clay is reported in table 6. 
As the data easily can be studied in the table, and show prindpally results 
similar to those in the previously described experiment no further comment 
should be necessary. 

The experiments recorded in tables 7 and 8 deal with K and Mg saturated 
clay. The experimental conditions were very much the same in the two cases, 
the only difference being that Mg was added as MgO in the latter instead of 
MgCk. 

It is of interest to note that it required a much longer period of time to reach 
a low pH value in the case where MgO was used (table 8). In both experiments 
traces of Fe + Al and of Si were detected in all chambers. The slightly 
alkaline or neutral reaction in C. I has, in other words, not been sufficient to 
precipitate all Fe and Al as the respective hydroxides. As may be noted, 
traces of Mg were detected in C. II. The amounts found in C. I were very 
small in comparison to the amounts used for saturation. On the other hand, 
Mg seems to have a rather high replacing effect against Fe and Al, which were 
found in about the same amounts m these experiments as the amounts found 
when Fe or Al were used as saturation agents (table 5 and 6). It should here 
be stated that tests made showed that practically all the Fe + Al found in the 
Mg experiments consisted of Fe. 

Table 9 gives the set-up and results of the experiment with the four-compart¬ 
ment cell. As membrane between C. I and C. 11 cellophane was used in order 
to determine whether the slightly lower permeability to cations which this 
type of membrane shows compared with parchment, would be sufficient to 
prevent the pcnctralion of Fe, Al, and Mg under the existing experimental 
conditions. The experiment was continued for only 6 hours, which proved 
to be sufficient to reach the same pH value as in the experiment reported in 
table 7. 

No trace of K was found in the intermediate chamber, but all had migrated 
to C. I. The membrane arrangement used, however, was not entirely satis¬ 
factory for a complete retention of Fe, Al, and Mg from the end chamber, 
since traces of these ions were detected in C. II. The amounts of Fe, Al, and 
Mg, however, which migrate to the second chamber from the central compart¬ 
ment seem to be very small even when the membrane which separates the two 
chambers is permeable to these ions. Especially is that foimd to be the fact 
when we deal with Fe and Al. This is not only the case in the last reported 
experiment but similar results may be noted when all experiments are taken 
into consideration. 
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SUMMARY 

This paper deals with the possibility of an electrodialytical separation of ions 
bearing similar electrical charges. 

A new five-compartment electrodialysis apparatus is presented. 

Experiments performed indicate that a separation of certain ions can be 
made by using membranes of different permeability between the chambers 
which are placed on the same side of the central compartment. 

Experimental results indicated that a separation of certain cations from other 
cations can apparently be made also by chemical means, as a precipitation can 
be arranged in an intermediate chamber, whereas other cations are allowed to 
migrate to the end chamber. 

A method of producing pure ‘'humic acids^^ is suggested. 

It was found that Fe, Al, and Mg under certain conditions migrated to the 
anode, presumably in the form of complexes consisting of hydroxides which had 
absorbed add anions. 
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In earlier publications (S, 6 ,7), the writer has shown that the interaction be¬ 
tween soU and ammonia represents the neutralization of acidoid by a base. 
It was also shown that a soil made completely unsaturated combine with 
an amount of ammonia which may be considered equivalent to its base ex¬ 
change capacity (7); also that the pH value of soils containing excess of CaCQs, 
after dilute acid treatment and ammonia saturation, is approximately the 
same as that of the soil in the natural condition. In other words the titration 
curves of soil acidoids with Ca(OH )2 and NHiOH are almost identical. 

Since pH values of natural soils represent single points on their titration 
curves, it is reasonable to suppose that the difference between the amount of 
amm onia taken up by a natural soil and the same soil completely unsaturated, 
will be a measure of the state of saturation of that soil and consequently will 
be correlated with its pH value. The object of this investigation was to ex¬ 
plore the possibilities of this reaction for characterizing the state of saturation 
of soil. 


EXPERIMENTAL 
Ammonia reaction 

The amount of ammonia that a natural soil can take up is determined as 
follows: 

Ten to twenty grams of soil are taken in a dish and kept over normal am¬ 
monia in a vacuum desiccator for 2 days. It is then transferred to another 
desiccator and kept over 90 per cent H 2 SO 4 for 2 days. The ammonia retained 
by the soil is then determined by distillation with lime in the usual way. 

The maximum saturation capacity of the soil for ammonia is determined as 
follows: 

Ten grams of soil is stirred with about SO cc. of water. Enough 0.2iV HCl 
to break up ail the carbonates is added gradually and the mixture set aside with 

1 This work was carried to completion by the help of a grant from the Imperial Council of 
Agricultural Research, and the writer takes this opportunity of recording his indebtedness to 
the Council. Acknowledgments are also due to Ihe Department of Agriculture, iPunjab, for 
the loan of apparatus and other facilities for work. 
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frequent shaking till no more bubbles of CO 2 are formed* The soil is then 
transferred to a filter paper and washed with O.OSiV HCl till the filtrate shows 
no reaction for Ca ions; this is followed by leaching with water till the soil is 
free from Cl ions. It is then washed with a little alcohol and air dried. The 
final washing with alcohol makes the soil loose and friable as well as easily 
detachable from the filter paper. 

For washing purposes, a Buchner funnel is generally convenient, though a 
better method is to use the filtering apparatus described by the writer else¬ 
where (3), with the modification that the cylinder portion need be only 2 or 3 
inches long and provided with a Up. 

After being air dried the soil is transferred to a flat dish. If a hardened filter 
paper, like the Watman SO, is used the soil comes off quantitatively, with the 
help of a spatula and camel's hair brush. The soil is then kept over normal 
ammonia and subsequently over 90 per cent H 2 SO 4 exactly as in the case of 
natural soil. 

The state of saturation of the soil (F) is calculated from the formula 

where S and T are the amounts of ammonia taken up by the natural and acid 
treated soil respectively. All quantities, of course, are expressed in equivalents 

pH value measurements 

The greatest difl5.culty in correlating any physico-chemical measurement on 
soils mth their pH values, lies in the choice of the method for the determination 
of the latter. The fact that whereas all methods more or less agree among 
themselves in the case of buffer solutions, they show wide variations in the 
case of soils is clear evidence that the presence of the soil introduces a variable 
that is by no means constant or determinable. For the present investigation it 
appeared necessary to make measurements with all the available methods, in 
order to sec which of them correlates best with the state of saturation of the 
soil as determined by the ammonia method. 

Fifty-seven soils from various parts of India were examined for their reac¬ 
tion by the following methods: 

1. Hydrogen electrode 1; 5 soil-water ratio, 2 hours^ shaking (H). 

2. Quinhydrone 1:5 soil-water ratio, 2 hours’ shaking (Q), 

3. Quinhydrone 1:1 soil-water ratio, 2 hours’ shaking (QO* 

4. Quinhydrone 1:1 soil-water ratio, 2 hours’ shaking and leaving overnight (Q'O* 

5. Antimony electrode 1:1 soil-water ratio, 2 hours’ shaking and leaving overnight (Sb). 

6. Colorimetric method 1:5 soil-water ratio, occasional stirring, and leaving overnight 

(C). Clear solution obtained by filtering through the percolating cylinder de¬ 
scribed by the author (3). 

The results given in table 1 indicate the magnitude of variations to be ex¬ 
pected in the different methods, and as a result of slight alterations in the 
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technique. The relation between (F) and various sets of pH values is brought 
out best by working the correlation coefficients between them. These are 
given below: 

(F)aiid(H) -0.897 
(7)and(Sb) -0.891 
(7) ajttd (Q") - 0.889 
(7)and(C) -0.938 

It will be seen that the correlations are highly significant. The difference 
is not very great but with the colorimetric method slightly better correlation 
is obtained than with the other methods. The last colunm in table 1 gives the 
pH values calculated from (F) values by the following emperical formulas: 

1. pH — 0.0274 (7) + 5.4 for (7) values below 45 per cent 

2. pH = 0.0319 (7) +5.89 for (7) values between 45-81 per cent 

3. pH — 0.0319 (7) + 7.11 for (7) values above 81 per cent 

The difference between the calculated values (C') and those obtained by the 
colorimetric method, except for soils having (F) above 81 per cent, are also 
recorded in table 1. For the latter, the calculated values are compared with the 
H electrode, and recorded in the same table. The magnitude of these differ¬ 
ences except in the case of half a dozen soils, is not greater than what might be 
expected from the nature of such measurements, and is of the same order as 
differences between measurements of pH values by any two methods. The 
calculated values of pH are therefore probably just as reliable as those obtained 
by any direct method. It might be mentioned that of the soils that show the 
greatest discrepancy, P.C. 15 and P.C. 32 contain a large amount of humus. 
Soils with low T values like P.C. 25 are likely to have considerable error in the 
determination of (F). 

In working out the correlations, soils having (F) above 81 per cent were left 
out, as these obviously fall in a separate group. Nor can it be expected that a 
linear relationship will hold good for the whole range, for that would mean that 
the titration curve of a soil is a straight line, which it is not. Besides, the 
quinhydrone values for highly saturated soils are not reliable; they are merely 
recorded for comparison. 

Apart from the inherent weakness that a specified technique must be followed 
for the measurement of pH values, it is a well-known fact that such values 
when found need careful handling to prove of practical utility. There is, for 
instance, no significant correlation between pH values and lime requirement of 
soils. The limit of toleration of plants lies within wide ranges of pH values so 
that an approximate value is all that is necessary to find. The detennnaation 
of (F) values, on the other hand, wUl give far more valuable information re¬ 
garding a soil, at the same time giving an approximate idea of its reaction. 

Some very interesting facts emerge from a closer study of the (F) values for 
various soils. It is found that all soils having (F) values less than 33.3 per 
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cent respond to lime, the calculated pH value for which is about 7. The neu¬ 
tral point, or pH 7, therefore, has a more fundamental significance than has 
been hitherto supposed. Most of the good agricultural soils have (F) values 
between 50 and 70 per cent. Soils having ( V) values above 70 per cent invari¬ 
ably contain exchangeable sodium, and above 80 per cent are all barren alkali 
soils. Soils that were in approximate equilibrium with CaCOj under field 
conditions gave values about 62-68 per cent. All soils having (F) values less 
than 40 per cent are from humid regions where the rainfall is plentiful, and 
those with above 70 per cent (F) values are from arid regions where the rainfall 
is scarce. 

K 33.3 per cent saturation is taken as the basis for lime requirement, the 
ammoiua method will give values comparable with the pH method of Hardy 
and Lewis (1) for the lime requirement of soils, which consists in bringing the 
soil to pH 7. If, on the other hand, the values of lime requirement are to be 
compared with the methods of Hutchinson, or Kappen, which are equivalent to 
bringing the soil to pH 6.5 (2), the lime requirement should be calculated to 25 
per cent (F) value. Hissink’s method for determining (F) values gives the 
lime requirement at 28 per cent degree of saturation, which is not very different. 

The writer has drown elsewhere (5) that the soil acidoid is a tribasic add 
containing three equivalents of hydrogen designated as Hi, Hs, Hj. It was 
also drown that the lime hunger of a soil, from the practical pomt of view, is 
satisfied with the neutralization of Hi, whidi also amormts to 33.3 per cent 
saturation. It is a remarkable fact that a number of methods of lime require¬ 
ment of soils should correspond to the same (F) value. 

The writer had once expressed the view that soils in equilibrium with CaCO* 
should be considered as saturated (6), for this appeared to be the lunit beyond 
which any base added was easily hydrolyzable; although it was recognized 
that the most comprehendve defcition of saturation point would be that ac¬ 
cording to Hissink. In a later investigation certain soils were found that had 
to be classed as supersaturated (4). The present method, however, avoids 
that confusion, and it is now possible to include all types of soils under one 
scheme of classification accor^g to their state of saturation. Incidently, 
since most of the alkali soils contain bicarbonates, Hissink’s method of finding 
their state of saturation would not be applicable, because a part of Ba(OH )2 
will be precipitated and shown as absorbed. 

It is evident that any method which aims at giving 100 per cent saturation 
for soils in equilibrium with CaCOs will require the soil to be brought to 50 per 
cent saturation for finding the lime requirement, and the results could be made 
comparable to those with the ammonia method by a simple calculation. 

SUMMARY 

Interaction between ammonia and soils, before and after dilute add treat¬ 
ment, affords a means of characterizing the state of saturation of soils. 
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From the values of degree of saturation thus obtained, it is possible to calcu¬ 
late the lime requirement as well as the approximate pH value of a soil. 
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The conception of hygroscopic coefficient, i.e., the percentage of moisture 
taken up by dry soil from an atmosphere saturated with water vapors, is an 
old one; and at one time was regarded as a very important constant for charac¬ 
terizing a particular soil. The interest in it received a fresh impetus from the 
researches of Briggs and Shantz, who gave empirical formulas correlating hy¬ 
groscopic coefficient with wilting coefficient as well as the mechanical compo¬ 
sition of soils (1). It was soon recognized, however, that these empirical 
formulas had only a limited applicability, and only a rough correlation between 
mechanical composition and hygroscopicity was all that could be reasonably 
expected. 

The difficulty in finding a more rigid relationship lay in the very nature of 
things. Methods of determining clay (which is mainly responsible for mois¬ 
ture absorption) as well as hygroscopic coefficient were extremely faulty. 
With the introduction of newer methods of mechanical analysis of soils clay 
can be determined with great precision; but hygroscopic coefficient still remains 
a factor easy to imagine theoretically, but most difficult to attain in practice, 
even when the technique is refined considerably beyond that reasonably pos¬ 
sible in routine determinations (3). 

The difficulty of maintaining a saturated atmosphere for any length of time 
led Mitscherlich to suggest (2) that hygroscopicity of the soil should be de¬ 
termined by bringing it into equilibrium with the partial pressure of water 
vapor afforded by 10 per cent H 2 SO 1 (i.e. 96 per cent humiffity). Somewhat 
similar considerations led the U. S. Bureau of Soils workers to recommend 3.3 
per cent H 2 SO 1 (i.e. 99 per cent humidity), for the same purpose. It must be 
admitted, however, that these concentrations are fixed arbitrarily, and there 
is no valid ground JEor the belief that they represent any fundamental advance 
on the original conception of the hygroscopic coefficient. 

The first important step forward in our knowledge regarding hygroscopicity 
of soils is due to Thomas (9) who measured the vapor pressure of soils at differ- 

^ This work was brought to completion by the help of a grant from the Imperial Council 
of Agricultural Research, and the writer takes this opportunity of recording his indebtedness 
to the council. Acknowledgments are also due to the Department of Agriculture, Punjab, 
for the loan of apparatus and other facilities for work. 
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ent moisture contents. This was followed by the work of Puri et al. (8) on the 
relation between vapor pressure and moisture content of soils, in which the 
suggestion was put forward that hygroscopicity of soils should be measured by 
bringing it into equilibrium with an atmosphere of 50 per cent humidity, as 
this occurred on the point of inflection of vapor pressure-moisture content curve 
and any error in controlling vapor pressure would only result in a small diller- 
eace in equilibrium moisture content. 

Another difficulty about any moisture absorption experiment is the defini¬ 
tion of “dry” soil. The usual practice is to dry in an oven at 100-10S®C. 
This has the advantage of rapidity but little confidence can be placed in it. 
Drying over H«S 04 is to be preferred, though the process is slow. Both of 
these methods are frequently attended with permanent changes in the soil 



Fro. 1. Tyhoai, Vapor Pressijre Curves ot Two Normal Soils (P.C. 8 and 11), a UronLv 
Acid Soil (P.C. 6), and a Hiohly Alkaunb Soil (P.C. 60) 


colloids. In order to get over this difficulty the author has suggested elsewhere 
(6) that since the interval between 10 per cent and 70 per cent humidity on a 
vapor pressure curve for soil is sensibly straight (fig. 1), this should be made the 
basis of expressing hygroscopicity of soils. It was also shown that the influ¬ 
ence of exchangeable ions in soil colloids is felt the least in this portion of the 
curve and by adopting it as a “single value” we shall be expressing the specific 
surface of the soil particles, irrespective of the nature and extent of the ex¬ 
traneous influences that generally come into play in soils. 

A great feature of the vapor pressure curve of soils is that normal soils gener¬ 
ally give normal curves, whereas abnormal curves are almost invariably ob¬ 
tained with highly acid or highly alkaline (especially those containing exchange¬ 
able Na or free NajCOs) soils (fig. 1), but for all soils the portion between 
10-70 per cent humidity is the least siffected. 
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It wiU be clear from tbe nature of the curves shown in figure 1 that the 
hitherto considered ‘‘dry point’’ is quite as indefinite as the equilibrium point 
with saturated atmosphere. By adopting 10 per cent humidity equilibrium 
value as the “dry” basis, we can be sure of a greater precision in the determina¬ 
tion of this reference pomt. On this basis the vapor pressure curve up to 70 
per cent humidity being a straight line passing through the origin, the deter¬ 
mination of a single value will enable us to interpolate hygroscopicity at any 
other humidity between 10 and 70 per cent. 

Since hygroscopicity (10-70 per cent humidity) is only slightly affected by 
the nature of soil colloids, it should show a better correlation with clay content 
in different soils. This is actually the case. Indeed it is possible to calculate 
the percentage of day (0.001 mm. diameter) in a given soil by determining its 
hygroscopicity in this manner (table 1). 

It is to be noted that the hygroscopicity values for a given humidity are 
higher when that humidity has been reached by drying than when it is reached, 
by wetting (8). Both the values were determined for the 57 soils examined. 
The correlation coefficient when the equilibrium values were reached by (hying 
was found to be 0 996, and when they were reached by wetting the correla¬ 
tion was 0.993. Both these values are highly significant. The following 
relations hold good between clay (0.001 mm.) and hygroscopidty, (H). 

Drying 

Clay « 8 04H + 1 02 
Wetting 

Clay » 8 41 H -1- 2 8 

In table 1 the calculated values of clay are the mean of the drying and 
wetting hygroscopicity values. The agreement between the calculated values 
and those found by direct determination with the pipette method, using the 
NaCl-NaOH method of dispersion described by the author elsewhere (5), 
is as good as could be expected from a highly complex body like soil, when the 
errors involved in the measurements are considered. The few soils that show 
rather serious discrepancy are invariably abnormal soils. Soil P.C. 6 is a 
highly acid soil entirely barren, P-C. soils S3, 56, 57, 58 and 60 are highly al¬ 
kaline barren soils containing free Na 2 C 08 . 

Absorption of moisture from humidities higher than 70 per cent is largely 
affected by the state of aggregation of the soil coUoids. It would appear 
therefore that the amount of moisture absorbed by a soil between 70-99 per 
cent humidity will indicate characteristic differences between soil colloids from 
various sources depending on their state of aggregation. However, to reduce 
such moisture absorption to a common denominator in all soils the water thus 
absorbed should be divided by hygroscopicity (10-70 per cent humidity) which 
has been shown to be a function of the total clay content. Table 1 also in¬ 
cludes these values for 58 soils. The various soils have been arranged accord¬ 
ing to the province from which they were obtained. It will be seen that on the 
whole soils from any particular province show approximately the same (70- 
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TABLE 1 


The relation between hygroscopicity, clay contentj and dispersion coefficient* 



SOIL 

H 

CLiVY (O.OOl MM.) 

DlPrER- 


D.C. 


Calcu> 

lated 

Found 

ENCE 

H 


P.C. 4 

per cent 

0.79 

per cent 

8.4 

par cent 

10.5 

per cent 

H-2.1 

2.96 

per cent 
23.1, 


P.C. S 

0.56 

6.5 

9.6 

+3.1 

3.23 

30.8 


P.C. 7 

1.95 

17.9 

17.5 

-0.4 

7.48 

94.7 


P.C. 16 

0.52 

6.1 

5.4 



20.7 


P.C. 34 

0.68 

7.4 

8.1 

+0.7 

2.40 

7.1 

Piinjab soils. 

P.C. 3S 

1.75 

16.3 

16.9 


0.90 

4.9 


P.C. 36 

0.74 


9.0 

+1.0 

2.39 

5.1 


P.C. 47 

1.01 


12.8 

+2.6 

3.49 

57.9 


P.C. 48 

1.10 

Bfoti 

15.7 

+4.8 

3.68 

9.6 


P.C. S3 

0.85 

8.8 

15.2 

+6.4 

3.36 

61.3 


P.C. 54 

0.15 

3.1 

2.6 


4.67 

20.2 


P.C. 17 

1.00 

10.1 

8.9 

-1.2 

3.84 

8.5 


P.C. 24 

0.83 

8.7 

5.5 

-3.2 

3.28 

4.5 

U. P. soils. < 

P.C. 57 

0.60 

6.8 

1.9 

-4.9 

3.10 

49.4 

P.C. 58 

2.12 

19.3 

11.7 

-7.6 

7.72 

100 


P.C. 59 

0.81 

8.6 

7.8 

-0.8 

1.93 

26.5 


P.C. 60 

1.24 

12.2 

4.8 

-7.4 

14.40 

92.3 


P.C. 13 

6.32 

53.9 

56.5 

+2.6 

1.28 

6.4 

C. P. soils.^ 

P.C. 28 

4.35 

37.7 

42.8 

+5.1 

1.22 

1.8 

P.C. 29 

6.34 


61.1 

+7.1 

1.31 

2.9 

» 

P.C. 30 

6.72 

57.1 

53.5 

-3.6 


2.7 


P.C. 2 

6.04 

51.6 

56.1 

+4.5 

1.33 

2.7 


P.C. 3 

6.69 

56.7 

61.2 

+4.5 

1.16 

3.7 


P.C. 38 

5.59 

47.8 

50.9 

+3.1 

1.17 

2.3 

Bombay soils. 

P.C. 39 

1.30 

12.5 

7.2 

-5.3 

1.44 

5.9 

P.C, 40 

1.26 

12.3 

11.6 


1.52 

2.3 


P.C. 41 

6.39 

54.4 

51.6 

-2.8 

1,11 

2.4 


P.C. 42 

7.01 

59.5 

54.4 

-5.1 

1.28 

2.2 


P.C. 46 

6.58 

56.0 

55.9 


1.27 

1.6 


P.C. 1 

0.31 

4.5 

6.4 

+1.9 

5.52 

26.5 


P.C. 43 

1.90 

17.5 

16.2 

-1.3 

3.07 

7.4 

Bihar soils.• 

P.C. 44 

0.37 

5.0 

5.4 

+0.4 

4.68 

5.9 


P.C. 45 

0.78 

8.3 

8.9 

+0.5 

2.24 

5.4 


P.C. 52 

0.82 

8.6 

10.5 

+0.9 

2.37 

6.2 

f 

P.C. 6 

1.79 

16.6 

25.2 

+8.6 

2.87 

4.2 

Bengal soils.•{ 

P.C. 37 

0.45 

5.6 

2.8 

-2.8 

2.47 

22.9 

1 

P.C. 49 

2.73 

24.3 

26.7 

+2.4 

1.68 

2.6 
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TABLE 1 —Concluded 



SOIL 

H 

CLAY (0.( 

Calcu¬ 

lated 

}01 MM.) 

Found 

DI77BS- 

ENCE 

H 

D.C. 



per cent 

per cent 

percent 

per cent 


per cent 


P.C. 8 

2.59 

23.2 

22.5 

-0.7 

1.42 

4.0 


P.C. 9 

1.51 

14.3 

15.9 

+1.6 

4.13 

4.6 

Madras soils. 

P.C. 10 

3.79 

33.0 

32.2 

-0.8 

1.50 

2.8 


P.C. 11 

3.26 

28.6 

29.3 

+0.7 

1.49 

3,2 


P.C. 14 

2.51 

22.5 

16.6 

-5.9 

2.98 

27.9 

Assam soils.| 

P.C. 12 

0.60 

6.8 

8.8 


9.62 

9.7 

P.C. 15 

1.92 

17.6 

17.2 

-0.4 

4.13 

5.1 


P.C. 18 

1.35 

13.2 

15.1 


2.98 

17.1 


P.C. 20 

0.34 

4.7 

5.3 


5.15 

8.6 

Burma soils. 

P.C. 21 

1.33 

12.8 

9.7 


2.42 

8.6 


P.C. 22 

1.02 

10.3 

11.9 


2.55 

5.3 

L 

P.C. 23 

0.98 

9.5 

8.9 


2.18 

6.4 

Travancore soils.| 

P.C. 31 

2.17 

19.7 

20.9 

+1.2 

1.64 

1.3 

P.C. 32 

6.81 

57.7 

56.3 

-1.4 

3.07 

3.4 

Mysore soils.| 

P.C. 26 
P.C. 27 

3.11 

6.35 

27.4 

54.1 

22.4 

52.6 


0.89 

1.17 

3.1 

2.3 

Sind soils.| 

P.C. 55 

0.96 

9.8 

6.8 



15.3 

P.C. 56 

1.37 

13.2 

8.7 


5.93 

20.6 

N.W.F. soils.1 

P.C. 50 

1.47 

13.9 

13.8 

-0.1 

2.55 

11.3 

P.C. 51 

1.08 

10.7 

9.7 

-1.0 

2.76 

14.7 


* H « hygroscopicity between 10-70 per cent humidity, 
hygroscopicity between 70-99 per cent humidity. 
D. C.» Dispersion coclliciont 


99 per cent) hygroscopicity per unit surface area with here and there ab¬ 
normally high values the significance of which will be understood from what 
follows: 

Moisture from the vapor phase may be absorbed by soils in three ways. It 
may enter into loose chemical combination and exist as water of hydration; 
it may be taken up in the minute capillaries on the surface of individual par¬ 
ticles (2); or it may fill up the interstitial spaces between the aggregates of 
various particles. It is conceivable that the portion of the vapor pressure 
curve below 10 per cent humidity (fig. 1) represents water of hydration; be¬ 
tween 10-70 per cent humidity, capillary adsorbed water and the portion 
above interstitial water. Water of hydration will depend on the constitutional 
nature of soil colloids, the capillary absorbed water on the extent of their 
surface area, and interstitial water on their stale of aggregation. The cor- 
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rectness of this hypothesis in the case of capillary absorbed water is shown by 
the fact that this moisture is correlated with the total clay content. In the 
case of interstitial water it is supported by the fact that we have an independ¬ 
ent method of determining the state of aggregation of the soil particles, i.e., 
the measurement of dispersion coefScient (7), and as is seen from table 1, soils 
in general show a positive correlation between interstitial water per unit sur¬ 
face and dispersion coefficient. The correlation coefficient works out to be 
0.765, which is highly significant. The method of determining dispersion 
coefficient may be briefly stated here: 

Ten grams of soil is made up to one liter with water and left overnight in a 
cylinder or bottle of uniform diameter, after the soil and water have been 
mixed by turning the bottle end over end a few times, taking care that the 
suspension is not subjected to any violent agitation which might break up the 
crumbs. Next morning the suspension is again thoroughly mixed by gentle 
end over end motion and allowed to settle for the appropiiate time, and clay 
(0.002 mm.) is determined by pipetting from the proper depth exactly as in the 
pipette method of mechanical analysis. The clay thus obtained is called the 
dispersion factor (D.F.). The total clay (C) obtainable on complete disper¬ 
sion of the soil is determined by the author's NaCl-NaOH method (5). Dis¬ 
persion coefficient (D.C.) is calculated by the formula 

A sharp distinction betwerai the three fomas of hygroscopic moisture is not 
possible by the very nature of things. For one thing there arc no sharp 
breaks in the vapor pressure curve; but from an examination of these curves it 
may be safely stated that fixing 10-70 per cent humidity limits is not alto¬ 
gether arbitrary, and will eventually help us in elucidating the mechanism of 
moisture absorption much better than the simpler conception of the hygro¬ 
scopic moisture as a uniform film of water round the soil particles. 

SUMMARy 

Hie vapor pressure curve for soils could be split up into three portions repre¬ 
senting three forms of hygroscopic moisture i.e. hydration, capillary absorbed, 
and interstitial. The first depends on the constitutional nature of soil col¬ 
loids, the second on their surface area, the third on their state of aggregation. 

Though a sharp distinction could not be made between the three forms of 
moisture, there is evidence to show that we shall not be far wrong in consider¬ 
ing 10 per cent humidity as marking the end of the first form, and 70 per cent 
humidity as the end of second form. 

Clay (0.001 mm.) content of a soil can be estimated from moisture absorption 
between 10-70 per cent humidity with a fair amount of accuracy, by the help 
of an empirical formula. 
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Humic acid stimul a tes the rates of growth of various higher and lower 
plants. Many attempts have been made to determine the cause of its bene¬ 
ficial action. Kaserer (25, 26) suggested a connection with rare inorganic 
nutrients such as aluminum or silica added with the humic acid; Sbhngen (47) 
a connection with colloidal absorption and consequently greater availability 
of nitrogen and oxygen gases; Allen (1) with phosphate nutrition; Bortels (5) 
with molybdenum stimulation; Bottomley (6) and Mockeridge (34, 35) with 
“organic accessory food substance” or “auximone” nutrition; and Olsen (38), 
Remy and Rosing (39), Sohngen (47), Kaserer (25), Fred (19), and Koch et al. 
(28) with iron nutrition. Greaves (22) also suggested a protective action 
against poisons, such as arsenic, by colloidal absorption. It has often been 
suggested that humic acid increases the availability of one or more of the known 
constituents already present in the medium, rather than that it adds some 
stimulant or stimulants to the culture medium. At the outset of the present 
studies the writers were inclined to believe that probably some one of the 
numerous organic constituents of humic acid was specifically responsible for 
the stimulating effect. 

It is the purpose of this paper to present evidence favoring the view that 
humic acid acts primarily by virtue of its iron component. The free living, 
aerobic soil organism Azotobacter vinelandii will receive chief consideration in 
respect of the studies on growth stimulation. 

EXPERIMENTAL PROCEDURE 
Preparation of himic acid 

Humic acid is not a single homogeneous compound. It consists chemically of a large 
number of different compounds which may be extracted from soil organic matter or prepared 
synthetically from sugars, or other similar organic materials. In this paper humic acid will 
be considered as consisting of any of those compounds which may be reversibly dissolved in 
dilute alkali and precipitated in dilute add (see also footnote 3). The chemical constitution 

^ A brief note relating to the work in this and the following paper appeared in Science 
(1931) 74: 522-^, and can be read simultaneously with advantage. 

2 Fertilizer and Fixed Nitrogen Investigations Unit, Bureau of Chemistry and Soils. 

The writers are indebted to J, R. Adams, F. E. Allison, E. C. Shorey, 0. Schreiner, and 
L. A Pinck, for criticism and numerous suggestions. 

413 




Description of humic acids employed* 


414 


D. BtTRK, H. LTNEWEAVER AND C. K. HORNER 



* Huroughout this paper the various humic adds will often be referred to in abbreviated form; thus Humic Add I = H. A.-I, etc. Although the 
adds are employed in experiments in the form of their potassium salts, properties such as concentration and constitution will refer to the adds them- 
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of most of the individual organic compounds contained in humic acid is as yet unknown, al¬ 
though several of high molecular weight have been definitely identified (Schreiner and Shorey, 
44, 44a, 44b, 46a, 46b). Natural soil humic acids contain generally nitrogen and various 
inorganic elements also. Thus Remy and Rosing (39) found that their carefully prepared 
active sample of soil humic acid contained 2.4 per cent nitrogen, 1.84 per cent FcaOs, 3,12 per 
cent AbO®, 6.9 per cent SiO®, and 0,49 per cent P 2 O 6 . Russell (41, p. 165-178), Mattson (31), 
Waksman and Rcusser (SI), and Svcn-Odcn (SO) present reviews of the present state of 
knowledge concerning the physical and organic chemistry of humic acid. 

The natural humic acids used by the writers show an intensive growth-stimulative action 
with Azotobacter and Rhizobium, when these organisms arc grown in artificial media. Remy 
and Rosing (39), Mockeridge (34), Olsen (38), and other writers have indicated that similarly 
prepared humic acids stimulate bacterial peptone decomposition, urea decomposition, alco¬ 
holic fermentation by yeasts, nitrification, denitrification, growth of legume nodule bacteria, 
and the growth of higher and lower green plants such as sunflower and duckweed, when grown 
under natural conditions. 

A natural humic add is prepared as follows. A 100-gm. sample of soil is washed twice with 
100-cc. portions of N HCl, leached for 12 hours with 200 cc. 10 per cent KOH, and darified 
by centrifugation. The decanted, centrifuged solution, containing the humic acid as solu¬ 
ble potassium humate, is reprecipitated by bringing the pH to 3.0-4.0 with HCl, and reclari- 
f 3 dng by centrifugation. Tlie precipitate, humic acid, is redissolved and rcprecipitated gener¬ 
ally about four times in all, and the final precipitate dissolved cautiously in aqueous KOH 
to give a slightly buffered solution at pH 7.5 containing about 10 mgm. humic add and 0.4 
mgm. nitrogen per cubic centimeter. It is then ready for use in physiological experiments, 
generally being added, with appropriate dilution, as 25-50 p.p.m. (=» 25-50 mgm. per liter) 
calculated as humic acid. Azotobacter is unable to use either the carbon or the nitrogen in 
humic acid for nutrition (7,8,24,29), The preparation of synthetic humic acids from glucose 
when different from that of natural ones, is described in table 1, 

Cultural methods 

The general methods of culture and analysis employed have been fully described elsewhere 
(7, 8, 9, 10) and will be but briefly reviewed here. Both the Warburg micro-respiration and 
Eflenmcyer flask techniques have been employed. 

Warburg technique. The rate of oxygen consumption has been measured according to 
the physico-chemical, manomctric, micro-methods worked out by Otto Warburg (52) for 
studying cell metabolism. The chief apparatus employed in connection tlierewith is illus¬ 
trated in figure 1 and plate 1. The increase in rate of oxygen consumption with time gives a 
measure of the rate of growth, and is accompanied by a corresponding increase in the number 
of organisms, or, similarly, the <lry weight, turbidity, and cell nitrogen. The manometers 
can be read frequently, and time curves of the increases of growth determined over very short 
periods of time, i.c., hours or minutes. 

If desired, turbidimctric measurements of the actual growths in the Warburg vessels can 
be made at the end of an experiment, as a check on the indirect indications given by the res¬ 
piration rate increases. 

Unless otherwise indicated the temperature of the Warburg technique experiments has 
been 28 =fc0.01®C. 

Erlenmeyer flash technique. The cultures have been grown chiefly in 25 cc. of liquid 
medium contained in 250-cc. Erlenmeyer flasks plugged with cotton. In preparing the flasks 
for sterilization, an additional 10 to 20 per cent by volume of distilled water has been added 
to make up for losses during sterilization. Sterilization has been performed in an autoclave 
m ai n tai n ed at 120®C. for IS minutes. Inoculations have generally been made with one drop 
of a young culture, so that the inoculum constituted about 0.25 per cent by volume of the 
total culture. At times, also, the inoculum consisted of one drop of 1 cc. of culture diluted 
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The total volume of the vessel measured to the right-hand level of the manometric fluid 
(Brodic solution) is about 16 cc., 2 cc. of which is occupied by the culture and 0.30 cc. by the 
2N KOH. The remaining volume is accounted for by a gas, usually air, at atmospheric pres¬ 
sure. The right-hand level of the manometric fluid is held constant; the CO 2 evolved in 
respiration is absorbed in the alkali; the oscygen consumption causes a slight decrease in inter¬ 
nal pressure which is registered by a fall in the left-hand level of the manometric fluid; the 
reading thus obtained, when multiplied by a constant characteristic of the vessel, gives di¬ 
rectly the number of cubic millimeters of oxygen consumed, with a usual accuracy of ±0.5 
cmm. The vessel constant varies from about 1 to 2, depending upon the temperature, vol¬ 
umes of gas and culture medium, the Bunsen absorption coefficient of the gas concerned, and 
the normal pressure of the manometric fluid. Under ordinary atmospheric conditions the 
amount of nitrogen consumption by Azotobacier is less than 1 per cent of the simultaneous 
oxygen consumption and may be neglected. If it is desired to change the chemical environ¬ 
ment of the organism during the course of an experimental run, by addition of humic add, 
nitrate, etc., a 0.10-cc. portion of an aqueous solution of the chemical, made up to 20 times 
the desired concentration, and is placed in the side-cup initially and then tipped in when 
desired. 
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with 10 cc. sterile distilled water, yielding a culture inoculum 0.025 per cent that of the total 
culture. The cultures have been maintained in a large air incubator thermostat at 28 =fc 1®C. 
Care has been taken in each series of experiments to maintain constant all intended invariant 
conditions, such as volume, amount of inoculum, temperature, and particularly pH. The 
initial and final pH values of each culture have been determined colorimetrically, with one or 
more indicators and La Motte standards, and due allowance for pll differences has been 
made in interpretations of results. The rate of growth, as well as the rate of respiration, is 
slightly increased as the pH rises from 6.0 to 7.2. Ordinarily the experiments were run in 
duplicate or in triplicate. The cultures used to inoculate the Erlenmeycr fiasks, as well as 
those used in the Warburg experiments, were grown in an air thermostat at 28 for 24 

to 48 hours, in sterilized, aerated 2S0-cc. gas wash-bottles containing 50 to 100 cc. of culture 
medium. The aeration was obtained by means of compressed air passed through the bottles 
at the rate of about 100 cc. per minute. 

Media of varying inoiganic constitution have been employed. “Customary” medium 
contained the inorganic constituents remaining in the dear liquid obtained after the mixture 
“0.8gm. K2HPO4,0.2 gm. KH2PO4,0.2 gm. MgS 04 * 7 H 20 ,0.2 gm. NaCl, 0.1 gm. CaS 04 - 2 H 20 , 
0.01 gm. FesCS 04 ) 3 * 9 H 20 , 1,000 gm. H 2 O” has been thoroughly shaken, allowed to stand and 
settle. The term “customary” concentration of salt or ion used throughout this paper will 
refer, however, to the concentration of that salt or ion obtaining in customary medium before 
the latter is allowed to settle. Chemical analysis shows that the dear solution contains 
about 15 per cent less phosphate, 40 per cent less calcium, and 99 per cent less iron than the 
unsettled solution. Unless otherwise stated, customary medium will alwa 3 rs have been 
employed. 

The inorganic constituents of “bicarbonate medium” consisted solely of 0.1 per cent 
KHCOs. 

When iron has been added in the form of dtratc, tartrate, oxalate, or sulfate it has been 
reported in the tables upon the basis of 20 per cent composition, for simplidty, although the 
actual composition values range from 20-24 per cent. 

When fixed nitrogen was present it was added at an initial concentration of 50 p.p.m. 
N, unless otherwise mentioned. This concentration of fixed nitrogen has been shown (7, 8) 
to prevent effectively all fixation of nitrogen in short time experiments of 2 days or less, and 
to place growth dependent entirdy upon fixed nitrogen supply, even when nitrogen gas, as in 
air, is present. Recrystallized KNOs was used chiefly. 

Although the inorganic constituents of the medium have been varied, the initial glucose 
concentration has been kept constant at 1 per cent in all experiments, unless otherwise men¬ 
tioned, and during growth the concentration has rarely decreased below 0.2 to 0.5 per cent 
The glucose used in these experiments {Mallinckrodt^ C. P.) was reported by la])el to be quite 
pure, yidding, at a concentration of 1 per cent, a maximum total ash impurity in the cul¬ 
tures of 5 p.p.m. Actual analysis, ma<le by a slightly modifu'd thiocyanate method of Scott 
(45), showed that the iron fraction of the ash constituted only 0,045 p.p.m. Tliis concentra¬ 
tion of iron, however, was considerably larger, even, tlian that obtaining in clear settled glu- 
cose-free customary medium, namdy, 0.012 p.p.m. Fe. 

Growth has been measured turbidimctrically with a Bausch and Lomb ncphelomotcr, after 
periods of incubation of ordinarily 36 to 60 hours. When the amounts of growth were very 
small, counting with a haemacytometer was also resorted to. In making the measurements 
it was always necessary to maintain uninoculated controls, since the amounts of predpitate 
were variable, and often quite appreciable. When appreciable amounts of turbidity occurred 
in the uninoculated controls, as would be caused by the presence of predpitated caldum phos¬ 
phate, iron phosphate, etc., or when the pH of the inoculated culture was different from that 
of the control, it was often found expedient to addify inoculated and uninoculated flasks to a 
constant pH of 3.S, i.e., just add to brom-phenol blue, in order to dissolve the inorganic 
predpitates and to leave growth as the only cause of turbidity. Such acidification did not 
affect the turbidity caused by the organisms. The inoculum itself ordinarily did not change 
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the initial turbidity, but in some cases where growth was small or negligible, control correc¬ 
tions were necessary. At very high concentrations the color of humic acid necessitated a 
special correction in addition to that caused by the very slight turbidity of humic add. 

Growth has sometimes been measured in the Erlemneyer technique by determining the 
final rate of respiration. Aliquot samples have been removed from the Erlenmeyer flasks and 
the respiration rates measured in Warbitrg vessels. This combined technique be termed 
the **Erlcmieyer-Warburg^* technique. 

By ^^humic acid ratio^* is mearti the ratio of the fined members, or likewise final respiration redes, 
Uirhidities, etc,, of organisms in any given medium in the presence and absence of humic add, or 
a liubstitute stimulator, after any given period of time, in our e35>eriments usually 2 days but 
occasionally only a few hours or even a number of days. As will soon be evident, this ratio 
varies generally from 2 to 4, but may at times be either somewhat higher or lower, depending 
chiefly upon the duration of esperiment, the concentration of humic add, and the actual rate 
of growth in the absence of humic add. The ratio will be calculated to two decimal points 
but no implication of this degree of accuracy shall be intended. 

In comparing experiments perfonned by the Warburg and Erlemneyer techniques it is to 
be borne in mind that in general the velodty of growth is greater in the case of the former 
because of agitation and other similar factors which permit of more constant and favorable 
conditions. 

SUBSTITUTION OP NATURAL HUMIC ACIDS BY IRON COMPOUNDS AND 
SYNTHETICALLY PREPARED IRON-CONTAINING HUMIC ACIDS 

Tables 2-8, inclusive, show that natural humic acids may be substituted by 
various organic or inorganic compounds of iron, such as ferric citrate, oxalate, 
tartrate, and sulfate, or metallic iron, under a wide variety of experimental 
conditions, as follow: (a) technique {Warburg, Erlemneyer, Erlemneyer- 
Warburg] {h) medium (customary and bicarbonate); {c) duration of experi¬ 
ment (18 hours to 6 days, including 25, 36, 40, 41, 48, 67, and 96 hours); (d) 
criterion of growth (turbidity, respiration rate, Kjeldahl-nitrogen content); (i) 
preparation of natural humic acids (Nos. I, II, V); (/) concentration of hmnic 
acids and iron compounds; (g) final pH (6.0-7.6); (A) age of inoculating 
culture; and (i) source of nitrogen [free N 2 , and fixed nitrogen such as urea-N 
(SOO and 200 p.p.m.) and NOs-N (200 and SO p.p.m.)]. Tables 10, lOA, 11, 
11 A, 13, and 14B also show humic acid substitution by various iron com¬ 
pounds and under an increased variety of experimental conditions. 

Tables 9-lSA, inclusive, show that synthetically prepared humic acid® 

® The synthetic humic adds we have prepared (both the physiologically active and inac¬ 
tive ones) are quite similar to the natural humic adds in the important characterizing proper¬ 
ties: (a) they are predpitated in mildly add solutions (pH 3-5); (&) soluble alkali salts are 
easily fonned; and (c) they are deeply colored, black, or dark brown (depending upon the con¬ 
centration). In fact, we have observed no significant chemical differences. It is of no great 
interest here as to how exactly natural and synthetic humic adds are of the same chemical 
constitution, so long as, possessing many identical chemical properties, the same physiological 
functions are obtained. Eller and Koch (17) have prepared synthetic humic adds by various 
methods and have shown them to be similar to natural humic adds with respect to composition, 
solubility in water, alcohol, and ether, salt formation, color, and chemical reactions with Cla, 
HNOa, Bra, acetone, etc. Kawamura (27) has shown that the adsorption-concentration func¬ 
tions with respect to various bases are substantially identical for natural peat, and synthetic 
cane sugar, humic adds. 
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TABLE 2 


Humic acid suhstUution by organic and inorganic iron compounds and non-substitution by various 
other metallic compounds (Erknmeycr-Warburg technique) 


.SUBSTANCE ADDED 

CONCENTRATION OF 
NKTAl 

PINAL RESPIRATION 
RATE* 

fOMM. Oj rc. Hoim) 
(relative orowtii) 

U, A.-ratio 

None. 


62, 65, 67\ ,, 





56: 42 , 59 }“ 


H. A.-V (SO p.p.m.). 

0.7 

p.p.m. Fe 

146,167 } 157 

2.53 

Fe-citratc (10 p.p.m.). 

2 

p.p.m. Fe 

100, 97 j 99 

1.60 

Fe-tartrate (10 p.p.m.). 

2 

pj).m. Fc 

103,101 j 102 

1.65 


4 

p.p.m. Fe 

150 

2.42 


3 

pj).m. Fc 

187 

3.02 

Fes(S 04 ),. 

1 

p.p.m. Fe 

138 

2.22 


0.6 

p.p.m. Fc 

107 

1.73 


0.2 

p.p.m. Fe 

83 

1.34 

Fe-powder.| 

10 

0.1 

p.p.m. Fc 
p.p.m. Fc 

91 

97 

1.47 

1.56 


10 

p.p.m. Co 

6 

About 1.0 or less 

C 0 SO 4 . 

1 

p.p.m. Co 

68 

About 1.0 or less 


0.1 

p.p.m. Co 

69 

About 1.0 or less 

[ 

10 

p.p.m. Mn 

55 

About 1.0 or loss 

MnClj.J 

1 

pj).m. Mn 

56 

About 1.0 or less 

1 

0.1 

p.p.m. Mn 

47 

About 1.0 or less 


10 

p.p.m. Al 

66 

About 1.0 or less 

Al2(S04).. 

1 

p.p.m. Al 

58 

About 1.0 or less 


0.1 

p.p.m. Al 

65 

About 1.0 or less 


10 

p.p.m. Ni 

0 

About 1.0 or less 

NiCb. 

1 

p.p.m. Ni 

40 

About 1.0 or less 


0.1 

p.p.m. Ni 

79 

About 1.0 or less 

ZnCla.I 

10 

p.p.m. Zn 

0 

About 1.0 or less 

1 

p.p.m. Zn 

61 

About 1.0 or leas 

i 

0.1 

p.p.m. Zn 

68 

About 1.0 or leas 

f 

10 

p.p.m. Cr 

19 

About 1.0 or leas 

Crit(S04)9 .J 

1 

p.p.m, Cr 

54 

About 1.0 or less 

1 

0.1 

p.p.m. Cr 

53 

About 1.0 or less 

NasMo04.1 

1 

p.p.m. Mo 

73 

About 1.0 or less 

0.1 

p.p.m. Mo 

72 

About 1.0 or less 


Initial culture 1-day old A. vinelatidU, Initial respiration rate 53 cmm. Oa/cc,/hour. 
Analyzed after 40 hours. Final pH 6.8 db 0.1 except 10 p.p.m. Al, Co, Ni, Zn, Cr, 6.4 ±0.1. 
Source of nitrogen: Na. V/lMl/31. 

♦ The cultures were grown in Erlcnmcycr flasks (28®C.) and the final relative growths meas¬ 
ured as respiration rates (31®C.) 

containing considerable fractions of iron was highly active physiologically, 
whereas when the iron fraction was negligible, or substituted by various other 
metals, as in tables 14, 14A, 14B, the physiological action was relatively 
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negligible. The latter observation confirms the general finding [Elrzemieniew- 
sky (29), Warmbold (53), Lohnis and Pillai (30), Remy and Rosing (39), and 
Mockeridge (34)] that synthetic humic acids prepared from sugars are physio¬ 
logically inactive or substantiaDy so, since, upon looking up the previous work 
it was observed that in every case iron was not employed in the preparations.^ 


TABLE 3 

Humic acid substitution by ferric citrate and ferric sulfate (Erlenmeyer-Warburg technique) 



r- 

, SITBSTANCX ADDED 




Fe-dtrate 

FciCSOOi 

Concentration (p.p.m.)... 
Concentration of Fe 


50 

25 

10 

2 

1 

150 

10 

2 

(p.p.m.). 


0.7 

0.35 

2 

0.4 

0.2 

30 

2 

0.4 

Experiment 3: 




Final respiration rate*.. 
H. A.-ratio. 

173 

484 



528 



368 


2.80 



3.06 



2.13 


Experiment 3 A: 







Source of N: N 2 : 










Final respiration 










rate*. 

53 


73 



78 




H. A.-ratio. 


1.38 



1.47 



1.32 

Source of N: 200p.p.m- 







urea-N: 

Final respiration 










rate*. 

227 


449 



537 



496 

U. A.-ratio’l'. 


1.98 



2.36 



2.18 

Experiment 3B: 







Final respiration 










rate* - -r T. - - T. 

123 


246 

196 



160 



H. A.-ratio. 


2.0 

1.59 



1.30 











Experiments 3; 3A; 3B: Initial culture 1-day; 5-hour; 1-day old A, vinelandiL Initial 
respiration rale 62; 20; about 2 cinm.08/cc./hr. Analyzed after 18; 48; 48 hours. Final pH 
7.1 d= 0.3; N 2 6.8 ± 0.1, urea-N 6.3 ± 0.2; 6.6 ±0.1. Source of nitrogen: 500 p.p.m. 
urea-N; Na and urea; Na. VI/3-4/31; V/11-13/31; V/23-25/31. 2 per cent glucose em¬ 
ployed in experiment 3B (instead of 1 per cent). 

* The cultures were grown in ErUnmeyer flasks (28®C., except Experiment 3, 31®C.) and 
the final relative growths measured as respiration rates (31®C.). 

t It is probable that the much larger ratios obtained in urea-N (as compared to Na) occur 
because of the very much greater growth and the consequently much greater need for iron. 

* Blumenberg and Blumenberg (4) have, however, recently patented a process for making 
an organic iron compound suitable as a non-toxic plant stimulant, comprising treating com¬ 
minuted cellulose material (sawdust, rice-hulls, ground com-cobs, etc.) with an aqueous 
solution of iron sulfate and heating to about 120®C. until a dark! brown or black 
color is assumed. We are unaware of any experimental work performed by Blumenberg and 
Blumenberg in connection with this patent, but its implications obviously receive strong scien¬ 
tific support from our work on the preparation of active synthetic humic adds and the greater 
physiological availability of oiganic iron compounds. 
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As shown in table 15A, the efficacy of a natural humic acid may be increased 
by increasing its iron content, just as in the case of a synthetic humic acid. 
The final amount of growth obtained increases with the iron added, regardless 
of from which humic acid the iron is derived. 

TABLE 4 

Humic acid substitution by organic and inorganic iron compounds {Warburg technique) 


SUBSrAKCE ADDED 



None 

H. A-II 

Fe-citrate 

Fe- 1 
tai Irate 


Concentration 











(PP-ni-). 

... 

125 

SO 


32 

16 

SO 

32 

50 

10 

Concentration 
of Fe (p.p.m.). 
Experiment 4: 

... 

0.9 

0.35 

0.3 

0.2 

0.1 

10 

6 

10 

2 

Respiration 
Tfl.te ?5tb hour. 

128 



204 



223 


234 

232 

H. A.-ratio... 



1.59 



1.74 


1.83 

1.81 

Experiment 4A: 







Respiration 
rate 25th hour. 

124 


153 

1.24 




149 



151 

H. A.-ratiot 
Experiment 4B: 

. 



. 

1.20 



1.22 



Respiration | 











rate 25th 
hour. 

147 


323 




342... 




H. A.-ratio... 


2.20 




2.32 




Experiment 4C; 









Respiration 











rate 67th 
hour... 

137 

287 



212 

179 





H. A.-ratio,.. 

2.10 



1.55 

1,31 


1.83 






.... ^ 




Experiments 4,4A, 4B, 4C; Initial culture: 2-day old A. vinelandii diluted 3 times with 
customary medium containing 1 per cent glucose; Ij-day culture diluted 6 times with phos¬ 
phate mixture containing I per cent glucose; IJ-day old culture diluted 6 times with customary 
medium containing 1 per cent glucose; <)-hour culture. Initial respiration rate (measured as 
cmm. 03 /cc./hr.): 10; 4; about 5; less than 1. Final pH 7.1 d:0.1; 7.1 =t0.1; 7.1 dbO.l; 6.8 
rbO.l. Source of nitrogen: 50 p.p.m, NOrN; 50 p.p,m. NOrN; 50 p.p.m. NOrN; N*. 
Vin/1-2/30; VIII/3-4/30; VITI/3-4/30; VIII/7-10/30. 

t The H. A.-ratios are relatively low here because elements normally present in customary 
medium are relatively lacking. 

Table 2 indicates that the growth stimulation effected by humic acid and by 
organic and inorganic iron compounds was not obtainable by use of certain 
other heavy metal compounds somewhat related to iron and sometimes sug¬ 
gested as being the cause of humic acid stimulation. The humic acid ratio, for 
the various concentrations of iron, 0.1 to 10 p.p.m., ranges from 1.34 at 0,02 
p.p.m., to a maximum of 3.02 at 3 p,p.m., whereas the ratio for 0.1 to 10 p-p.m. 
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of the metals of the salts C 0 SO 4 , MnCls, MCSO^s, NiCIa, ZnCla, CraCSOOs, 
and NaaMo04 is about 1.0 or less. Distinct toxicity was observed with 10 
p.p.m. Co, 10 and 1 p.p.m. Ni, 10 p.p.m. Zn, and 10 p.p.m. Cr. In still 

TABLE 4D 

Humic acid suhstltution by organic and inorganic iron compounds (Warburg technique 


SXmSTANCE ADDED 



None 

H. A.-I* 

H. A.-n 


Fe-dtrate 


Fe- 

tartrate 

Fe,(S04), 

Concentration 
(p-P-m-). 


40 

40 

100 

50 

20 

5 


30 

10 

Concentration of 

Fe (p.p.m.). 


0.3 

0.3 

20 

10 

4 

1 


6 

2 

Respiration rate 
2 Sth hour (cmm. 
02 /cc.hour) (rel¬ 
ative growth)... 

48 

159 

159 

186 

158 

146 

145 

174 

161 

156 

H. A,-ratio. 


3.31 

3.31 

3.89 

3.29 

3.04 


3.62 

3.3S 

3.25 


Two-day old A, vinclandii diluted 4 times with customary medium containing 1 per cent 
glucose, initial respiration rate 12 cmm. 02/cc./hour. Final pH 7.0 ±0.1. Source of nitro¬ 
gen: SO p.p,m. NOs-N. Vn/25-26/30. 

* The sample of this humic acid was 1 year old, the other sample (H. A.-!!) was freshly 
prepared. 


TABLE 4E 

Humic acid substitution by organic and inorganic iron compounds (Warburg technique) 


STTBSTANCE ADDI2D 



None 

H, AJI 


Fe-dtrate 



FeaCSOi)! 

Concentralion 
(p-P-m-). 


12 

6 


25 

12 

6 

3 

10 

5 

Concentration of 

Fe (p.p.m.). 


0.08 


10 

5.0 

2.5 

1.2 

0.6 

2.0 

1.0 

Respiration rate 
36th hour (cmm. 
Oacc./hour) (rclar 
five growth).... 

129 

264 

181 

213 

214 

215 

230 

212 

199 

163 

H. A.-ratio. 

... 

2.05 


1.65 

1.66 

1.67 

1.78 

1.64 

1.54 

1.26 


One-half day old A* vinelandii undiluted. Initial respiration rate about 5 cmm. Oa/cc./- 
hour. Final pH 7,0 ±0.1, except 10 p,p.m. Fe 2 (S 04 ) 8 , where 6.0 (Initial pH all 7.0), ^urce 
of nitrogen: N 2 . Vm/11-12/30. 


other experiments {Warburg technique) of short duration (4-6 hours) no bene¬ 
ficial effect was given by the following metals: Mo (as Na^oO4)0.S, 5, and SO 
p.p.m. of metal; Cu (as CuSO^) 0.01, 0.5, and 2 p.p.m.; Ag (as AgaSOO 
0.05, O.S, and 5 p.p.m.; A1 (as la(S 04 ) 8 ), 0.05,0.5, and 5 p.p.m.; and Mn (as 


























424 


D. BtTRK, H. UNEWEAVER AND C. K. HORNER 


MnCU) O.OS, 0.5, and 5 p.p.m. Under these experimental conditions definite 
toxicity was observed with 1 p.p.m. of Cu, and complete toxicity in one-half 
hour with 2 p.p.m.; A1 at 5 and 0.5 p.p.m. was definitely toxic, Mo at 50 p.p.m. 

TABLE s 

Iltmic acid substitution by various concentrations of organic iron {Erleimeyer technique) 


hUnsr\NCL ADUl u 



None 

Fe-citrato 

H.A-n 

Concentration (p.p.m.).. 


0.2 

1 

3.2 

8 

25 

1 

2.5 

8 

25 

Concentration of Fe 











(p.p.m.). 


0.04 

0.20 

0.64 

1.6 

5.0 

0.007 

0.017 

0.054 

0.17 

Final gross turbidity.... 

21.8 

28.6 

36.6 

42.7 

48.5 

50.8 

31.4 

56.2 

86.8 

100 

Turbidity uninoculated 











controls. 

10.0 

10.0 

11.0 

13.0 

15.0 

18.4 

11.0 

12.3 

17.9 

31.8 

Final net turbidity 











(relative growth)... . 

11.8 

18.6 

25.6 

29.7 

33.5 

32.4 

20.4 

43.9 

68.0 

68.2 

H. A.-ratio. 


1.58 

2.17 

2.51 

2.84 

2.75 

1.73 

5.83 

3.72 

5.79 


Inoculated witli 1 drop 1-day old A. vimlandiL Analyzed after 48 hours. Final pll 
6.8 ±0.1. Source of nitrogen; 45 p.p.m. NO3-N. X/11-13/30. 


TABLE 6 

Humic acid substitution in rdaimly old cultures by various concentrations of inorganic iron 

(Erlcnmeyvr technique) 



bUBSTANCr. ABDl.I) 


None 

H. A.-H 

Ftv(SOt)j 

Concentration (p.p.m.).... 
Concentration of Fe 


25 

5 

500 

150 

100 

40 

20 

10 

(P-P-m.). 

Experiment 6: 

.... 

0.17 

0.034 

100 

30 

20 

8 

4 

2 

Final net turbidity*. 

H. A,-ratio.. 

75 

I76t 

2.35 

115 

1.54 


256 

3.42 

158 

2.11 

122 

1.63 


91 

1.2f 

Experiment 6A: 




Final relative Kjeldahl 










nitrogen 11. A.-ratio... 

1,00 



1.30 


2.44 

3.00 

3.(M 

2.3( 


Experiments 6, 6A; Inoculated with 2 drops 1-day old, 2 drops l-day old A, vinelandn. 
Analyzed after 6 days, 6 days. Final pII 7.1 ±0.1,6.8 ±0.1. Source of nitrogen: 2(K) p.p.m. 
NOs-N, Ns. X/2-8/30, V/23-29/31. 

* At 2 days the amount of growth in tlie presence of Fc8(S04)« was indwtlnguLshal)le from 
that in the control; the growth in the humic acid cultures was, of course, superior. 

t It is probable, on the basis of other similar experiments, that 100 p.p.m. H. A.-II would 
have given a turbidity of 200-250, or a H, A.-ratio of 2.6-3.3. 

very slightly toxic, and Ag and Mn were witliout cither positive or negative 
effect at all concentrations studied. These Warhurg technique exi)eriments 
were conducted simultaneously with three different forms of nitrogen, urea-N 
(50 p.p.m.), NO3-N (50 p.p.m.), and Na, with identical results. 
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1 able 8 and (able 7, column 5, show that citrate, as sodium citrate, has no 
stimulative efTect, pvr sc, upon the growth of Azotobacter, under such circum¬ 
stances that humic acid and ferric citrate give a large stimulation. The stimu- 


TABLE 7 

Hunt 10 uetd siibstiiiitioft in hiairbonatv medium by organic and inorganic iron compounds 

(fCrtenmcyer tecimique) 




! 

flUBhTANCTD ADDED 

None 

ir. A..I 

Fc-ci- 

tmte 

If 

Fe-tar- 

tmte 

Fe-oxa- 

latc 

Fea(S04)3 

Concentration fn.n.m.l. 



25 





m 

Concentration of Fe .1 


0 17 



Zo 

e 

zo 

b; 

lU 

n 


f 

15.6 

104 

75.5 

13.1 

o 

67.3 

72.0 

37.9 

Final gross turl/ulity.| 

1 

1 

13,1 

107 

64.0 

14.2 

65.0 

77.3 

39.4 


1 

11.4 

98 


IS.6 


79.5 


Unino<‘ulated control. 


to. 5 

8.5 

9.3 

11.4 

6.6 

13.3 

32.8 

Final average md turbidity 4 days 









(relative growth). 


2.Q 

94 

60.5 

2.9 

54.5 

63.0 

5.9 

IT. A.-rathif. 


.... 

32.4 

20.9 


18.8 

21.7 

2.3 


Tnocuhilfd with 1 drop day old .1. mnclavdiL Analyzed after 4 days. Final pH 7.5 
=fcO,l. Sounv of nitrogen: 50p.p.ni. MOs-N. Vn/l4-18-30. 

* Si‘e also table 8, 


t It Is to Im' noted that the H. A.-ratio» arc exceptionally large in this experiment. These 
are occasionally ohlaiiu'd in bicaihonate medium and arc due to a more pronounced lag phase 
in tlie controls. Probably by th<‘ fifth day the H. A.-ralios would have been approximately 
nonnal. 


TABLK 7A 

Uumic acid sulhsHtulion in bUarhonak mcdinin by organic and inorganic iron compounds 

{Erknmcycr technique) 


SUBKTAKCK Al)I)KD 


CVnneniration (p.p.in.). 

(lomentration of Ke (p.p.in,)..... 

Final gross turbidity. 

Turbidity uninotulateil eontrois.., 
Final net turbidity 4 days (relative 

growth). 

n. A.-ratio. 


None 

n. A.d 

Fc cilrato 

Fe-tar- 

trate 

Fe-oxa¬ 
late 

Fc»(S04)j 

.... 

25 

25 

25 

25 

10 

.... 

0.17 

5 

5 

5 

2 

42.5 

80.4 

44.7 

116 

82.9 

73.5 

14.7 

16.7 

7.8 

7,5 

18.4 

43.5 

27.8 

63.7 

36.0 

109 

64.5 

30 

.... 

2.29 

1.33 

3.92’ 

2.32 

1.08 


InoeuIat<‘d with 1 <lrop t-day ohi J. ninelandiL Analyzed after 4 days. Final pH 7.4 
dsO.l. Source of nitrogen: 50 p.p.m. NOs-N, VlII/2-6/30. 


lativc ofTecl of ferric citrate is, therefore, to be referred directly to the iron 
fraction, the citrate fraction (or likewise tartrate, oxalate fraction, etc.) acting 
indirectly by holtling the iron in a complex soluble form and tending to make it 
more soluble than inorganic iron. 
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In connection with tables 6A, 6, and 2, it is of interest that Elvehjem (18) 
has obtained similar inorganic iron stimulation with respect to baker’s yeast, 
the humic acid ratios varying frona 2.5 to 3.5. In one experiment, only 0.176 
gm. dry weight per 200 cc. was obtained in a nutrient medium containing less 
than 0.025 i).p.m. Fc,® but 0.544 gm. (H. A.-ratio = 3.1) with 1 p.p.m. Fe, 
the duration of the experiment being 40 hours. 

Wo have recently found (impublished data) that imder certain specific 
conditions (in brief, iron starvation in heavy cultures) the iron requirement of 
cultures grown in free nitrogen is from 2 to 10 times as great as that of cultures 
grown in fixed nitrogen. Under these conditions humic acid may be said to 


TABLE 8 

Humic acid substitution not provided by sodium citrate* (Erlenmeyer techn. 

SUBSTAKCE ADDIID 


Concentration (p.p.m.). 

Final relative turbidity. 

tJninoculatcd controls.| 

Final net turbidity (relative growth). 

II. A.-ratio. 


Inoculated with 1 drop 2-day old A. vinelandiL 
dzOX Source of nitrogen: Na. V/22-24/30. 

* See also table 7, column 5. 


None 

No-citrate 

H. A,-I 


25 


25 

37.3 

44.4 

31.3 

108 

33.9 

44.8 

36.2 

111 

32.9 

40.0 

36.2 

114 

4.4 

8.9 

8.1 

11.7 

4.5 

5.7 

8.1 

11.7 

30.2 

35.8 

26.6 

99.0 

.... 

1.18 

0.88 

2.26 


Analyzed after 41 hours. Final pH 6.8 


* Likewise, Krzemicniewsky (29) obtained very poor growths of Azotobacter in a medium 
containing no humic acid, but, here again, as in the case of Bcijcrinck’s medium employed by 
Rcmy and RiSbing (39) no iron was normally intentionally added. Ruhland (40) found that 
for the autotrophic hydrogen bacterium, J8. pycnoiiciis^ 0.07 p.p.m. Fe in the culture medium 
wtis necessary for normal growth, and that at 0.0005 p.p.m. growth and hydrogen consump¬ 
tion no long('r took place. In our judgment, based upon a consideration of the literature (see 
ospccinlly “Pn^aration of Humic Acid^' paragraph 2), many higher and lower plants grown in 
ByntlK'tic me<lia will respond similarly, as in the case of Azotobacter and yeast, to treatment 
with various of the iron compounds considered in this paper. In other words, probably few 
plant media arc optimal with respect to the form and concentration of iron supplied, whence 
the occurrence of growth stimulation by inorganic, organic, or humic acid iron, as the case 
may be. Students of Azotobacter physiology cannot fail to have observed the wide variation 
in amounts of nitrogen fixed per gram of sugar per 100 cc. medium, as reported by various 
investigators. A considerable number report consistent values of only 1 to 3 mgm., others 
report 10-15 mgm. Wc are confident that the variations often depend in great port upon the 
corresponding wide diflercnces in concentrations of iron supplied either intentionally as inor¬ 
ganic iron (0-100 p.p.m.) or unintentionally as impurity in the sugar added. The iron sup¬ 
plied in the latter manner is an important factor in Azotobacter growth and is not so com¬ 
pletely precipitated as the same concentration of purely inorganic iron, i.c., iron in sugar is 
partly in organic combination. 
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TABLE 10 


The substitution of natural by synthetic humic acids (Warburg technique) 



bODSTANCU ADDED 


None 

ir. A.-V 

H. A-VH 




Synthetic 



inodium-JFo 

Pnnmntration (p.p-Tn.)... 


25 

SO 

Concentration of Fe (p.p.m.). 


0.35 

0.15 

Experiment 1 :♦ 

Respiration rate 14th hour (cmm. Os/cc./hour) 
(relative growth).-. 

80 

100 

105 

H. A.-ratio. 

1.25 

1.31 

Experiment 2:t 

Respiration rate 34th hour... 

196 

260 

260 

H. A.-ratio... 

1.33 

1.33 

Experiment SJ: 

Respiration rate 34th hour. 

77 

255 

246 

H. A.-ratio. 

3.31§ 

3.19 


♦Thirty-six-hour old A, mnelandii diluted 5 times with customary medium containing 
1 per cent glucose. Initial respiration rate 10 cmm. Oi/cc./hour. Final pH 6.7 dbO.l. 
Source of nitrogen: Nj. 1/12/31. 

t Six-hour old A. vimlandiL Initial respiration rate about 2 cmm. Oa/cc./hour, Final 
pH 6,8 sbO.l. Source of nitrogen: Na. 1/13-14/31. 

{Thirty-hour old A. vtnelandii diluted 40 times with customary medium containing 1 
per cent glucose. Initial respiration rate less than 1 cmm; Os/cc./hour. Final pH 6.8 
±0.1. Source of nitrogen: N 2 . 1/13-14/31, 

§ Fe-citrate (25 p.p.m. » S p.p.m. Fe) gave simultaneously a humic acid ratio of 3.41. 

TABLE lOA 

The substitution of natural by synthetic humic acids (fVarhiirg technique) 




fiWBSTANOK AUDt!D 



None 

If. A.-V 

n, A.-vri 

n. A..VI 

Fe-citrato 

Diiscriplum.... 


Naturnl 
hiKh ro 

Synthetic 
medium h'o 

Synthetic 

low-Fo 


Concentration (p.p.m.).. 

.... 

25 

SO 

.SO 

5 

Concentration of Fe (p.p.m.). 

.... 

0.35 

0.15 

0.02 

1.0 

Final net turbidity 22nd hour (relative 
growth). 

11.8 

60.1 

31,4 

14.2 

S2.7 

H. A.-ratio. 

.... 

S.IO 

2.66 

1.20 

4.47 


Two-day old WTteZawdw. Final pH 6.2 ±0.2. Source of nitrogen: Na. I/lS/31. The 
cultures were grown in Warburg vessels and analyzed ncphelometrically. 


possess a specific effect on the chemical mechanism of nitrogen fixation, insofar 
as it provides iron. This iron may, however, be provided (as we have found) 
qualitatively as well by synthetic iron-containing humic acids, iron-organic 
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TABLE 11 

TJie substitution of natural by synthetic humic acids {Erlenmeyer-Warburg technique 



SXTBSTANGE ADDED 

None 

H. A.-V 

H, A.-IX 

H.A.-X 

Fc-dtrate 

Description. 

1 

Natural 

high-Fe 

Synthetic 

high-Fe 

Synthetic 

bigh-Fe 


Concentration (p.p.m,). 

.... 

10 

10 

10 

10 

Concentration of Fe (p.p.m.). 

.... 

0.14 

0.42 

0.32 

2 

I'inal respiration rate* (cmm. Oa/ec./hour) 






(relative growth). 

114 

175 

261 

252 

224 

H. A.-ratio... 

.... 

1.54 

2.29 

2.22 

1.97 


Initial culture 2-(lay old A, vinelandii to which was added 1 per cent glucose and 0.1 per 
cent phosphate mixture. Initial respiration 94 cmm. 02/cc./hour. Analyzed after 6 days. 
Final pH 6.7 =h0.1. Source of nitrogen: Na. V/17-23/31. 

* The cultures wore grown in Erlentneyer flasks (28®C). and the final relative growths 
measured as respiration rates (31^C.). 


TABLE llA 

The suhstitution of natwral by synthetic humic acids (Erlenmoyer-Warburg technique) 


StJBSTAKCE ADDED 



None 

H. A.-V 

H. A..VIII 

H. A.-X 

Fe-d- 

trate 

rei(S04)i 


■nil 

MpilllM 








■■■ 







Concentration (p.p.m.), 
Concentration of Fe 

... 

5 

25 

5 

25 

5 

25 

1 

2 

fn.n.m-1. 


0.07 

0.35 

0,002 

0.01 

0.16 

0.80 

0.2 

0.4 

Experiment 1 (Na):...* 





Respiration rate 










18th hour (cmm. 
Oa/ec./hour) 
(rt'lative growth).. 

61 

103 

122 

67 

90 

93 

103 

65 

65 

II. A.-ralio ........ 


1.69 

2.00 

l.io 

1.48 

1.S3 

1.69 

1.06 

1.06 

JCxijeriinent 2 (200 



p.p.m. urea-N): 
Respiration rate 









232 

18lh hour. 

16.1 

186 

187 

160 

168 

200 

220 

209 

II. A.-ratio* • • .. 

1.14 

1.15 

0.98 

1.03 

1.23 

1..35 

1.28 

1.42 

Experiment 3 (200 





p.p.m. urca-N): 
K<‘spiration rate 








537 

496 

46th hour 

236 


449 

301 


506 

600 

TI^ A.-ratio. 


1.90 

1.28 

1.27 

2.14 

2.54 

2.28 

2.10 

pll sbO.2 (experi¬ 






6.2 

6.1 

ment 3). 

7.4 


6.8 

7.4 

7.4 

6.8 

6.2 


Initial culture S^hour old A* vinelandii. Initial respiration rate 20 cmm. Oa/cc./hour. 
Final oH 6.7 dbO.2, except where indicated in experiment 3. V/11-13/31. 
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TABLE 13 


CowpaHsan of effects of tron-rich and iron-poor humic acids on growth {Warburg technique) 



SDBSIANCE ADDED 

None 

H. A.-V 

H, A.-X 

H. A-xrxi 

Description. 


Natural high-Fe 

Swithetic 

high-Fe 

Synthetic 

low-Fe 

Experiment 1:* 

Concentration (p.p.m.). 

Concentration of Fe (p.p.m.).... 
Respiration rate 25th hour (cmm. 

Oa/cc/hour) (relative growth) 
H. A.-ratio. 

95 

225 

3.15 

350 

3.68 

75 

1.05 

276 

2.91 

25 

0.35 

199 

2.10 

225 

7.2 

200 

2.10 

225 

0.07 

116 

1.22 


SUBSTANCE ADDED 

None 

H.A.-V 

H. A.-X 

H. A.-XIX 

Description . 


Natural high-Fe 

Synthetic high-F( 

Synthetic low-Fe 

Experiment 2\\ 

Conctmtration (p.p.m.). 

Concentration of Fc (p.p.m.). 

Respiration rate 12th hour. 

. 

( 2 p.p.m. 

160 

50 

0.70 

340 

2.12 

2 

0.03 

168 

1.05 

50 

1.6 

243 

1.S2 

2 

0.0(3 

173 

l.OS 

SO 

0.015 

187 

1.17 

. 

2 

0.0006 

173 

1.08 


SX7BBTANCE ADDED 

None 

H. A.-V 

H. A.-X 

H. A.-vni 

Fe-dtrate 

Description . 


Natural high-Fe 

Synthetic 

high-Fe 

Synthetic 

low-Fe 


Experiment 3 :t 

Concentration (p.p.m.). 

Concentration of Fo (p.p.m.). 

Respiration rate, 13lh hour. 

IT. A.-ratio.... 

137 

SO 

0.70 

236 

1.72 

10 

0.14 

205 

1,50 

10 

0.32 

203 

1.48 

10 

0.003 

159 

1.16 

10 

2 

225 

1.64 


* Initial culture 2-day old A* vindandiU Initial respiration rate 60 cmm. Os/cc-Aour. 
Final pll 7,0 ±0.1. Source of nitrogen: Nj. VlI/13-14/31. 

t Initial culture 1-day old A . vindandiL Initial respiration rate 60 cmm. 02/cc*/h.o}xr, 
Final pH 6.6 ±0.1. Source of nitrogen: Na. VlI/9/31. 

t Initial culture 1-day old A, nnelanddu Initial respiration rate 30 cmm. Oa/cc./bour. 
Final pll 7.0 ±0.2. Source of nitrogen: Na. V/8/31. 

acids, etc., but is not supplied by iron-free humic acids. So far as concerns 
this paper, the findings provides strong additional proof that natural humic 
acid acts by virtue of its iron component, since humic acid definitely alleviates 
a specific case of proved iron-deficiency. 
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0J-AOI opaq-uLCs 

opatntiiCs 

opoq^HiCg ^3 

sd[-MOi oi^oxpuXg 

o^-Moi opoiiXttiCg p^ 

8 onaiptiXs 

onoqiuXs S 


o 

p I M tH 1 H 


a 

PpsipiLCs 

e 

a^-umipam apaipniCs 



> 





O 'fH 

v-l iO 

ICS cs 


> -S 

S I 


p 


Inoculated with 4 drops 2-day-old -d. xinelandiu Final pH 6.6 dzO.2. Source of nitrogen: Nj. \T[/15-21/31. 
* Average of three determinatioiis 41.0,38.9, and 37.9. 

H, A.-XiLL containing A1 caused inhibition of growth. 
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CamparisoH of irourkumic acids Tciih other mekdrhtmc acids {Erlenmtyer-Warburg kchntque) 


STIMULATION OF GROWTII BY HUMIC ACID 


435 


IS 


li 

li 

s 

’p 



2.0 

224 

1.97 

0^,1 Moi Mioq'iuXg 

-- 

0.008 

140 

1.14 

0.008 

162 

1.32 

0.003 

129 

1.13 


aTjaipuiCs 


0.008 

166 

1.35 
2.5 

0.003 

155 

1.36 

B 

M 

anotnniCg 

1 

0.008 

169 

1.37 

4.3 

0.003 

161 

1.41 


oipqittiCg 

V5 

0.008 

175 

1.42 

8.0 

0.003 

144 

1.26 

« 

XVI } XIV 

1 

opaq^v^s 

(k 

0.008 

178 

1.45 

9.9 

0.003 

172 

1.51 

anstnuiCg 

d 

0.008 

187 

1.52 

15.4 

0.003 

134 

1.18 

X 

apatptiiCs 

£ 

0.80 

212 

1.72 

30.8 

0.32 

252 

2.22 

a 

OoC-H^iq apaq^iuCs 

£ 

0.42 

261 

2.29 

> 



0.35 

246 

2.00 

51.8 

0.14 

175 

1.54 




;?J : : ■ 

• • • • «i—1 • 



• rtl(S Irilri 


! s: 


^11 
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I: 
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TABLE IS 

The influence of duration of experiment upon the humic acid ratio with natural and synthetic 
humic acids (Erle^imeycr technique) 


stmsrANrn addcd (25 p.v m.) 



None 

n. A.-V 

n. A.-VII 

Description. 


Ntiluitil liiKh Fe 

Synllietic metiium'Fe 

Concentnitiou of Fe (p.p.m.). 




0 35 

0.35 

0.35 

0.07.S 

0.075 

0.075 

Duration (days). 

2 

3 

5 

2 

3 

5 

2 

3 

5 

Final net turbidity (relative 










growth). 

10.0 

68.1 

160 

18.6 

100 

219 

23.4 

117 

243 

H. A.-ratio. 

.... 


... 

1.86 

1.47 

1.37 

2.34 

1.72 

1.52 


Inoculated witli 1 drop 2-day old vinelatidii. Analyzed after 2, 3, and 5 days. Final 
pH 6.3 =fc0.3. Source of nitrogen: 200 p.p.m. NO^N. XII/IO -15/30. 


TABLE 15A 

The improvement of natural humic acids hy the addition of iron (Warburg tochnique) 

SOBSTANCi: ADDED 



None 

n, A.-XX* 

n. A.-XXI* 

IT. vxxn* 

Concentration (p.p.m.). 


15 

3 

15 

3 

15 * 

3 

Concentration of Fe (p.p.m.). 

« • • * 

0.06 

0.01 

0.15 

0.03 

0.15 

0.03 

Final relative turbidity 25 th hour 
(H. A.-ratio). 

1.00 

1.65 

1.01 

2.10 

1.26 

2.06 

1.13 


Initial culture 1-day old A. vintlaML Final pH, 6,8 d=0.1. Source of nitrogen: N 2 . 
XI/6/31. 

* H. A.-XX, a natural humic acid, was prepared from a garden soil (X/-/31), and contained 
a medium amount of iron, 0.4 per cent. II. A.-XXl and -XXH were prepan'd from H, A.OCX 
by allowing a 3.8 per cent solution of the latter containing 0.5 per cent Fea(S() 4 )*orraO in 
respectively {fi) alkali (pTl 9-10) and (h) acid (pH 3-4) to stand on the stt‘am bath for S 
hours, at room temperature for 17 hours, un<l then repurifying eight times until the wash 
waters gave but traces of Fo II.A.-XXI and -XXII contaimsl 1.1 dbO.l per cent Fe, or an 
increase of 0.7 per cent over H.A.-XX. 

THE UtTMTC ACID RATIO AS A QUANTITATIVE FUNCTION OF TUK IRON CONCENTRA¬ 
TIONS OF THE STIMULANT ADDED 

Tables 16,17,18, and figures 2 and .3 indicate how far the qualitative humic 
acid substitution effects obtainable with the different iron compound types in 
tables 2-15 are capable of receiving quantitative functional expression and 
comparison. In making the comparisons, it is not the conccntnition of the 
compound, but the concentration of iron added by the compound which will 
be of interest. There are four different iron compound types: natural humic 
acid iron, synthetic humic acid iron, organic acid iron, and inorganic iron. 
Five compounds of the first t 3 T)e, 14 of the second, 3 of lie third, and 2 of the 
fourth have been studied. 
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When all the experiments arc considered as a whole, it is probable that, with 
the i)ossil)le exc<‘])tion of inorganic iron, the other three types are approximately 
equivalent, within SO per cent, in ordinary experiments lasting from one to 


TABLE 16 

Thi* humic (uid rniio a\ a function of comcniraiion of iron in compounds of the organic acid 

iron type 


DArA FHOtf lAllLI p 

BUMIC Acn> SATTO 

re-utralc 

Fe-tartrale 

Fe-oxalate 


ppm 




2 

2 

1 60 

1.65 

• • • 

4 

10 

1.74 

1.83 

, , 

41) 

10 

3 29 

3.62 


7* 

(5) 

(20 9) 

(18.8) 

(21.7) 

7A 

5 

1 33 

3.92 

2 32 


* Sec footnote table 7. 


TABLE 17 


The huniu at id ratio as a function of concentration of iron in synthetic humte acids 


bVKiiinic nxime Ado 

KUU1I1 R 07 
DClHRtMlMrS 

AVXRAC.L Fe 
COMCLNTRAnON 

AVlRAOCn A-RATIO 

XVin (nothing) 

4 

{ppm) 

0.006 

1.21 

XU (Mo) 

4 

0.006 

1.27 

XV (Si) 

4 

0.006 

1.36 

XVII (Mn) 

4 

0.006 

1.41 

XIV (l>) 

4 

0.006 

1.42 

XVI (Co) 

4 

0.006 

1.46 

XIX (nothing) 

4 

0.007* (0.018) 

1.11* (1.15) 

Vin (nothing) 

4 

0.007 

1.18 

VI (nothing) 

12 

0.019 

1 31 

Vn (F(‘) 

18 

0.141 

2.39 

X (Fo) 

14 

0.40* (1.00) 

1.60* (1.84) 

IX (I'V) 

5 

0.59* (0 91) 

2 .00* (2.00) 

XI (I'V) 

3 

0.72* (1.21) 

2.67* (2.56) 


These oveiagc valu<s do not contain a few certain exceptionally high-iron value experi¬ 
ments (0.07 jKjr cent Fc with H. A.-XIX; 2.64 per cent with II. A.-XI; 2.52 per cent with H. A. 
IX; 1.02, 1.6 and 7.2 per cent with IL A.-X) which would give misleading averages. The 
values in parenthc^scs give the averages when all expciiments are included. That the omitted 
iron values arc exceptional and excessive can be seen from the fact that although the average 
iron concentration values are lowered considerably the average acid ratios are little affected. 
The same phenomenon will be observed in table 18 (except possibly with respect to inorganic 
iron, which discrepancy can be explained upon the basis of solubility relations). 


several days, and when medium or small concentrations of stimulator are used. 
It is not to have been anticipated in tables 2-lS that the different iron com- 
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TABLE 18 

The humic acid ratio as a function of concentration of iron in Use four iron-compound types 

(based on tables 2-lS inclusive) 



TYPE 1 

TYPE 2 

TYPES 

TYPE 4 

Typo oC iton compound. 

Natural 

11. A. 

Synthetic 

H. A. 



Compounds included. 


VII, IX, X, 
'xi 

l‘V litfdle, 
oxalate, tat>. 
txato 

Fe»(SO0« 

Average using all experiments:* 





Average concentration of Fe. 

0.381 


4.24 

8.55 

Average H. A. ratio. 

2.20 

2.15 

2.19 

1.97 

Number of experiments. 

70 

45 

39 

30 

Selected average rf 





Average concentration of Fc. 

0.268 

0.309 

0.271 

0.386 

Average II. A.-ratio. 

2.10 

2.09 

2.14 

1.57 

Number of experiments. 

66 

40 


7 


* Except that in tabic 7 (sec footnote to table 7). 

t Based upon all iron concentrations of 1 p.p.m. Ee or less (see footnote to table 17). 



Fio. 2. The Htoio Acid Ratio as a Eunciion op Concentration op Iron Supplied bv 

Natural Htruc Acids 

pounds should have all given exactly the same humic acid ratio as the control 
natural humic acid, either in any individual experiment, or as between differ¬ 
ent experiments. For one consideration, different natural humic acids give 
varying values among themselves, depending chiefly upon iron content, as 
shown in table 9 and figure 2. Humic acid ratios qualitatively representing 
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stimulation of the same order of magnitude are all that can be expected in any 
ordinary experiment, although it is undoubtedly possible to arrange experiments 
to yield substantially identical ratios by paying sufficient attention to certain 
secondary factors. Chief of these secondary factors determining the precise 
quantitative relations governing the value of the ratios are, as will be for the 
mo.st part evident from inspection of the tables, {a) the duration of the experi¬ 
ment Isce (U), “The Integral Functions”], {b) the concentration of the stimu¬ 
lant added (see tables 2, 4C, 4D, 4E, 5, 6, 6A, 7B, 9,9A, 11 A, 12,13, and 15), 



Vio. .1. Tiir. Ilwinc Acid Ratio as a Vunciion or Conclktration ot Iron Suppuld by 

SvNTiiiiTrc Hi;mi<’ Acids 


(c) the chemical nature of the stimulant with respect to iron content, solubility, 
and physiological availability, and (d) the time value of the induction phase. 

Table 16, which contains all the data available for direct comparison, shows 
that, at any given concentration of iron, ferric citrate, tartrate, and oxalate 
give the same humic acid ratio, within reasonable limits. In most of the ex¬ 
periments in table 16, the iron concentration is somewhat in excess of the mini¬ 
mum amount required to give approximately the optimum effect. 

A comparison of figures 2 and 3 shows tliat about 0.3-0.8 p.p,m. Fe yields 



440 


D. BURK, H. LINEWEAVER AND C. K. HORNER 

about 60-80 per cent of the maximum humic acid ratio with both natural and 
synthetic humic acids. Curves 9, 9A, 9B, 11 A, 14, 14B refer to tables 9, 9A, 
9B, 11 A, 14,14B, resjpcctively. To avoid confusion, in figure S we have not in¬ 
cluded all the available comparalJe data, but inspection of the excluded ex¬ 
periments (tables 9,9B, lOA, 11,12,13,14A) shows that tliey conform to those 
represented in the figure in indicating that, in general, in any given exi)eriment, 
the humic acid ratio increases with the concentration of the iron added, inde¬ 
pendently of the particular synthetic humic acid employed. II. A.-VII is 
possibly a trifle more efficient per unit weight of iron than the other synthetic 
humic acids. 

In table 17 are averaged the iron concentrations and respective humic acid 
ratios obtained in all experiments. An excellent general correlation is evident. 

H. A.-V1I again appears to he somewhat the most efficient; but in comparing 
it to H. A,-IX and X, and possibly XI, one should remember that in the latter 
three cases considerably more iron has been employed (0,40, 0.59, and 0.72, 
instead of 0.14 per cent), i)robably more than the minimum necessary to give 
approximately the optimum effect. The superiority of H, A.-VJ I is, therefore 
somewhat more apparent than real. The ^z<y-iron synthetic humic acids con¬ 
taining Mo, Si, Mn, P, and Co appear to be very slightly better than those 
containing none of these elements (an average II. A.-ratio of 1.38 compared to 

I. 20), since they are all superior to about the same slight extent it is probable 
that these elements are not specific and that if the humic acids had been simi¬ 
larly prepared in the presence of more common salts, such as NaCl, MgS 04 , 
CaS 04 , the same slight superiority would have been obtained. At the same time 
we do not wish to preclude the possibility that stimulating, iron-free humic acids, 
containing the relatively rarer elements (hJn, Al, Co, Si, etc.) could not be 
prepared by some modified method. It is conceivable, for instance, that some 
organism being studied might have a special need for, say, aluminum, in which 
case a synthetic or natural humic acid containing aluminum impurity might 
very well act by virtue of supplying aluminum, instead of, or in addition to, 
iron. 

Table 18 gives a comi)arison of the four type.s of iron compounds ui)on the 
basis of (a) all experiments, and (h) exix'riments with reiusonable iron concen¬ 
trations (optimal or sub-optimal, but not supnx-optimal). The “Avenig6 
Using All Experiments,” is included as a matter of passing interest; it is quite 
obvious that here the II. A,-ratios of tyi>es 3 and 4 are incomr)arable to those 
of types 1 and 2 because the average iron concentrations involved are so much 
greater. The ^'Selected Average” excludes all iron concentrations above 1 
p.p.m. Fe, amounting to 4 experiments (out of 70) in type 1; S experiments 
(out of 45) in type 2; 28 experiments (out of 39) in type 3, and 23 exi)eriments 
(out of 30) in type 4 (sec tabic 18, rows 6 and 9). The ^'Selected Average” 
iron concentrations are now of the same order of magnitude (0.266 to 0.386 
p.p.m.) and the humic acid ratios also approximately so. The inorganic iron 
appears to be slightly less effective than the other three types, but it must be 
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remembered that 0.386 p.p.m. inorganic iron would be on the average only 25- 
SO per cent soluble, and, when this allowance is made, the ratio of 1.57 as com¬ 
pared to 2.10,2.09, and 2.14, is quite within expectation based upon concentra¬ 
tion functions similar to those represented in figures 2 and 3. 

I'hc general conclusion that a given mh-miaxxmal amount of soluble iron, viz., 
about 0.2- 1.0 p.p.m. or less, gives, independently of iron-compound type, the 
same order of magnitude of humic acid ratio, is subject to the provision that 
the experiments be allowed to proceed long enough to avoid any limitation 
through induction, viz., 36-48 hours or more, and to consume the physiologi¬ 
cally active iron added. Consideration of the induction period is essential at 
this point in order to prevent any misinterpretation of the tables regarding the 
exact equivalence of natural humic acids and iron compounds, especially inor¬ 
ganic iron. Tn this connection, tables 3B, 7, 7A, 7B, and 11A (exp. 1), give 
some indication that Fe 2 (S 04 ) 3 , especially, is not exactly equivalent to ferric 
citrate® or humic acid with respect to certain time relations. The lengths of 

«Olbcn (38) has recently indicated in a preliminary publication that humic acid may be 
quantitatively replaced by ferric citrate in btimulating plant growth, the experiments having 
been oondiK'tcd with Lemna polyrhiza and Ildianthus annuus. His humic acid consisted of 
equal parts of aqueous alkaline extract of bactcrizcdpcat and ammoniacal extracts of peat. 
With the former plant 183 mgm. of dry matter were obtained without humic acid, and 452 
mgm. with 15 p.p.m. of humic acid (10 p.p.m. FeCls being present in both cases, in an inor¬ 
ganic nu^dium made up with distilled water); whereas, when the FeCls was replaced with one- 
half the cciuivalent quantity of Fe-citrate (but without humic acid being present, 476 mgm, 
of dry matter were likewise obtained. The same results with respect to equivalence of Fe¬ 
ci tra to and humic acid were obtained when tap water was used instead of distilled water; 
moreover, Fc-citratc and humic add together gave no higher yields than either alone, within 
10 per cent; the pll in the aforementioned experiments was maintained at approximately 7.5, 
at which pll iron is more or less completely precipitated in the absence of organic matter. 
Similar results were obtained with Helianthus grown at pH 5.2 to 6.8. Saeger (42) likewise 
obtained stimulation effects with Spirodeia and Lemna, using organic extracts derived from 
either a 1 per cent NaHCOa extract of peat, or a watery extract of autolyzed yeast. 

tn view of the apparently clear-cut nature of Olsen’s experiments, it is pertinent to note 
that several imporbint criticisms obtain. In the most decisive experiment, with Lemna, 
there were only eight experimental cultures reported, in six of which the amounts of dry 
matter obtaimul were identical within experimental error; in other words, the chief conclusion 
of the paper is based upon the behavior of virtually two divergent cultures. A more specific 
criticism, however, is that no experiments were performed in which the humic acid was added 
in the absence of added Fc, so that there remains the uncertainty as to (a) whether the growth 
would have been as groat in the presence of humic acid and the absence of FeCL, as in the 
presence of both; or (b) conversely, whether the humic add actuaUy increased the availability 
of the FeCls added. Also, there were no experiments where dtrate was added in the absence 
of Fc; Le., the effect of the I^e-citrate may have been due to the dtrate entirely, so far as the 
experiments were capable of indicating. Finally, the experiments were not conducted under 
sterile conditions with resi>ect to oigardsms other than Lemna; according to Clark (13, IS), 
under sterile conditions, the growth of Lemna is not stimulated by organic extracts. 

Probably Uie most extensive work connecting the hmnic add effect with addition of con¬ 
tained iron, previous to that being reported, is that of Remy and Rdsing (39). These authors 
showed that (a), as the humic acid was freed from iron by chenucal purification, its activity 
rapidly decreased to zero in solutions to which no inorganic iron had been added purposdy; 
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tie induction periods, vary from a few hours to a day or more (11, “Induction 
in Humic Acid Substitution Compounds”)* It is obvious, therefore that in 
the early stages of growth, especially during the first day, those substances 
with the shortest induction period will for a time appear superior, often con¬ 
siderably so. 

IS nUMIC ACID STIIkTULATION DUE SOLELY TO IRON? 

Jt is true that not only do humic acid and iron compounds cause similar 
growth stimulations, but also, where humic acid has no stimulaiive effect^ iron 
compounds likewise have no stimulative effect. This is shown in tables 19,19A, 
19B, and 20, 20A for Azotobacter and Chlorella, respectively, and is true even 
though at the same time changing other chemical substances and physiological 
conditions actually can produce stimulation, e.g., Azotobacter: increasing the 
temperature to 33-3S°C., lowering the oxygen concentration to 0.05 atm,, 
adding urea-nitrogen; Chlorella; increasing the illumination, by growing the 
cultures under non-stagnant conditions (i.e., with agitation by rapid aeration), 
by employing much more dilute inoculations, and to a limited extent, by chang¬ 
ing the concentrations of some of the chemical constituents of the medium. 

this was shown also by Krzemieniewski (29) and Mockeridge (34); and {h) upon the addition 
of inorganic iron to a medium containing inactive humic acid the growth of Azotobacter be¬ 
came as great as in the presence of active humic acid. Thus it is seen that they claimed 
that humic acid not only added contained iron, but could, under certain circumstances, in¬ 
crease the availability of inorganic iron added to the medium. Unfortunately several im¬ 
portant control experiments were neglected. With respect to (6) it was not shown in the same 
series of experiments (No. 1S2-1S9) that the inorganic iron (FejO*) added would not have 
given as large an effect even in the absence of inactive humic acid, yet other experiments (viz,, 
No. 121, compared to Nos. 109 and 110) indicated that this would have been substantially the 
case. It was not shown that iron plus active humic acid gave results equal to, but not greater 
than, iron alone, to prove that the action of the active humic acid was confined to that of 
supplying iron. With respect to (a), they were unable to answer satisfactorily the objection 
that at the same time that the humic acid was being freed from iron it was (as they showed) 
likewise being freed from aluminum, phosphorus, and silica, and to about the same propor¬ 
tional extent, so their results really indicated only that humic acid lost its cITcct as something 
was removed or destroyed by the process of purification. The criticisms of the work of 
Kemy and Rdbing, and likewise that of Olson’s work, are advanced not with the purpose of 
throwing doubt upon tlie chief final conclusions arrived at, but with the purpose of indicating 
the insecurity, or rather, incompleteness of the data used in reaching the conclusions. One 
general criticism, perhaps the most important of any, must never bo lost slight of in connection 
with all the work on humic acid, whether in connection with iron or other substances, by 
workers prior to about 1920, namely, that no pains were taken either to regulate or to ob¬ 
serve pH changes. With Azotobacter, growth of which ceases at pH 6, and greatly decreases 
above pH 8, this is essential. The media employed by the earlier workers generally con¬ 
tained but little phosphate buffer (0.2 to O.S gm. potassium phosphate per liter), and with the 
high amounts of iron generally employed (even 100 to p.p.m.) it was inevitable that pH 
changes over wide ranges should occur. In attempting to interpret the earlier work considera¬ 
tion of the effect of pH cannot be too strongly emphasized. The report given in this footnote 
of the work of Olsen and of Remy and Raising, together witli our work reported in this paper, 
will give the reader a summarizing account of the chief experimental work on the relation be¬ 
tween iron and the physiologically beneficial action of humic acid. 
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TABUE 19 


The ahstnee of stun ttlcHoft upon addition of humic acid or iron compounds to a v&ry young cnltiire 

of Azoiobactei^ 





IIXPEWWDCNT 19 

1 

1 

> 

EXPERIMENT 19B 

himSTANCr Al)t)l,l) 

COMtBN- 

TRATION 

rONCPlT- 
TRATION Fe 

Final net tur¬ 
bidity 24th hr. 

I 

<5 

W 

■3i 

|i 

1 

P 

ges 



p.pM. 

p.p.m. 







None.... 



41.4 


98 

91 


6.8 


H, A.-t. 

40 

0.27 


0.93 



25 

0.17 

40.7 

0.99 



... 

. 


250 

1.7 


« • • • 



5.8 

1 

H. A.-ir. 

125 

62 

0.85 

0.43 





5.9 

5.4 

1 

1 


31 

0.21 

.... 



.... 

5.3 

1 


40 

0.27 

.... 


98 

1.00 



Fe,(S04),. 1 

30 

10 

6 

2 



95 

93 

0.97 

0.95 



Fo-tartnite... 

50 

10 

20 



92 

96 

0.94 

0.98 




100 

.... 

.... 




50 

10 

.... 

.... 

95 

0.97 




20 

4 

.«*. 

.... 

90 

0.92 



Fe-citiatc... 

S 

1 

A 

.... 

.... 

98 

1.00 

A n 

1 


O 1 

0 

4 « • « 

• • • • 


• • • • 

0. u 


25 

S 

39.4 

0.95 



4 .. 



S 

1 

46.4 

1.12 



.. • 



1 

0.2 

47.7 

1.15 


• • . * 




0.25 

0.05 

46.2 

1.12 





Fc-citratc plus 25 p.p.m. 

11. A..T(0.l7p.p.m. 

FtO. 

100 

5 

1 

20 

1.2 

0.37 

42.6 

45.7 
41.1 

1.03 

1.11 

1.00 


.... 

... 



0,25 

0.22 

43.1 

1.04 






Kxp<‘rim(‘ntR 19; 19A; 191*; Technique Mrlmmcycr; Warburg; Warburg. Initial culture 1 
drop 1-day; 1-day; 6 hour old A. •oinehtidiu Initial respiration rate—; IS; about 0.1 cmm. 
()s/cc./h<mr. Final pH 7.0 sbO.l; 7.1 shO.l; 6.8 db0,l. Source of nitrogen: Na; SO p.p.m. 
N(VNi Na. VI/26-27/30; VJI/18A^(); Vin/7-10/30. 

* For explanation of this phcnoim^non see 11, ^length of the induction period.” It has 
been found empirically that in general no humic acid stimulation is observed until the cul¬ 
tures have attained a heaviness of growth corresponding to a respiration rate of about S or 
more cubic millimeters Oi per cubic centimeter per hour. 

t Accurate to sb 1 emmu 

\Ve do not wish to be understood as precluding the possibility of humic acid 
stimulation of pure cultures of Cblorelk under conditions other than we have 
employed, even though Clark (13, IS) also obtains stimulation of I^emna only 
in non-sterile medium but not in sterile medium. The universally obtained 

























TABLE 20 

The absence of stimulation of growth of pure cultures of Chlorella by humic acid or iron com¬ 
pounds under specific conditions 


EXFESIMBNX 20 


Duration (hours). 

Initial concentration cells (millions per cubic centimeter). 
Final pH..V. 


142 

0.066* 

6.9 



Concentration Final dry 
weightt 
(mgm. dry 
matter per 
100 cc.) 
(absolute 
growth) 



Fe2(S04)8 plus H. A.-I 


Fe2(S04)8 plus neutralized citric acid 


Final net tur- Final net tur- 
bidi^ bidity 

(relative (relative 

growth) growth) 


100 ±5 
100 ±5 
100 ±5 
100±5 
100 ±5 
100=1:5 
100 ±5 
100 ±5 
100 ±5 
100 =t 5 
100 rt 5 
lOOrhS 
100±5 
100 =h 5 
100 ±5 
lOOdrS 
80=t5 
100 ±5 
100 ±5 
100 ±5 



100 =1= 15 


100 ±15 
100 ±15 

100 ± 15 

100 ±15 

100 ± 15 


* The final concentration of cells (determined with a haemacytomcter) was about 6 mil¬ 
lion per cubic centimeter, in all cases in both experiments, corresponding to a generation time 
of about 25 hours. 

t The dry weight measurements represent a composite determination, in the case of any 
given compound, of all the respective concentrations, and were made by combining 25-cc. 
portions from each fliask of each concentration of a given compound and centrifuging the cells, 
transferring the cell precipitates to small weighed centrifuge cups, recentrifuging, decanting 
the dear hquid, and reweighing after drying in vacuo at room temperature. The variability 
of only 5 per cent confirms the turbidity measurements. 

The pure cultures of Chlorella were grown under much the same conditions employed by 
Warburg (52). The medium consisted of 1,000 cc. of H2O containing 2.46 gm. MgS04*7H20, 
1.22 gm. KH2PO4, 1.26 gm. KNOs, and 0.0042 gm. Fe2(S04)8‘9Bt0. Under the conditions 
employed growth was unaffected by the presence or absence of CaCOs. 50 cc. sterile medium 
were contained in each 500-cc. rubber-stoppered flask. The fiasks were aerated in series 
with washed air containing 5 per cent CO2 (the optimum COjrContent), and were vertically 
illuminated at a distance of 34 inches by 100-watt Mazda frosted lamps so arranged that sub¬ 
stantially uniform illumination was obtained. The temperature was 23-25®C. Cultures 
were run in duplicate. 
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st im u l ation of growth of impure cultures of the lower green plants by organic 
extracts probably takes place, or is induced, as a result of the relatively more 
rapid depletion of soluble iron from the medium caused by bacteria or other 
s imil ar contaminating forms, whose iron requirements are presumably higher. 
Consequently, if stimulation of pure cultures is desired, care must be taken to 
eliminate iron from the culture medium or that already present as impurity 
will generally suffice to prevent stimulation by iron bound with organic matter 
intentionally added. Cultures with low iron requirements, as compared to 
those with high requirements, can undoubtedly be relatively more easily 
accommodated by the slowly and very slightly soluble, inorganic iron. It is 
probable that pure cultures grown for several transfers in a medium as free 
from iron as possible would submit to stimulation. 

TABLE 21 

The influence of Ca-humate upon the growth of Azotohacter in a calcium-deficieni medium 
{Erlenmeyer technique) 


CALdUlf FSSS* CUSTOUASY MEDIUM PLUS SOLUBLE Ca AS 



Nothing 

CaS04* 

2HsO 

Ca-humatet 

H. A.-vn 

(200 p.pjn.} 

(no Ca> 

Concentration of soluble calcium 
added (p.p.m.). 


15 

2.4 

9.4 

24 



Final count (millions per cubic 
centimeters). 

6 

50 

25 

35 

45 


8 

Per cent growth increase. 


730 

315 

480 ’ 

650 


33 




Inoculated with 1 drop of S-hour old A, vimlandii. Analyzed after 4 days. Final pH 
6.9 ±0.1. Source of nitrogen: N 2 . 

* Prepared by omitting the customary 100 p.p.nL CaS 04 - 2 H 20 . 

t A synthetic preparation containing 4.7 per cent Ca and less than 0.03 per cent Fe, In 
the presence of 100 p.p.m. CaS 04 * 2 Hi 0 this iron-poor Ca-humate preparation has substan¬ 
tially no stimulative action. 

It is realized that various humic acids, prepared from various soils or sugars 
under various conditions, might conceivably exert their stimulating effects from 
various causes, i,e., from contained iron, contained aluminum, contained silica. 
As shown in table 21, when some essential element, in this instance calcium, is 
omitted from the culture medium of Azotohacter, then humic acid cont aining 
that element may supply it in a form which is comparable although not superior 
in availability to the form ordinarily supplied. As a matter of fact, indeed, 
because ot the high molecular weight of humic acid, the Ca-humate (4.7 per 
cent Ca) is less effective per unit dry weight of humic acid than CaS 04 * 2 H 20 . 
The H. A.-VII culture acts as a control on the Ca-humate cultures in showing 
that a calcium-free synthetic iron-containing humic acid can not replace an 
iron-free S 3 mthetic calcium-containing humic acid in a calcium-free medium. 
All that can be reasonably claimed for the data of this paper is that contained 
iron is probably the chief cause of humic acid growth sti m u l ation. 
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DISCUSSION 

Our chief endeavor has been to prove or to establish, so far as possible, the 
chemical nature of humic acid stimulation, rather than to indicate a few sug¬ 
gestive and limited experiments in connection therewith. We have therefore 
not hesitated to present in this paper and in the following paper (11) a compre¬ 
hensive body of experimental material. It should easily be evident that this 
procedure is essential, because of the manifold factors which must be studied 
before any satisfactory conclusion or conclusions can be reached concerning 
the cause or mode of operation of humic acid stimulation. We cannot empha¬ 
size too strongly this general consideration. 

It is obviously impossible, in this long report, to give more than an indication 
of the broader implications of these findings and to make reference to the most 
pertinent recent literature (2,3,4,6,12,13,14,15,16,18,19,20, 21, 23, 24,32, 
33, 34, 35, 36, 37, 38, 41, 43, 44b, 46, 49, 51, 54, 56, and works cited therein). 
It is believed that these findings relate to various fields outside the immediate 
scope of this paper, as follow: The chemical constitution of the active compo¬ 
nents of the numerous growth-promoters or essential nutrients such as yeast- 
water, plant extract, peat extract, soil extract, bios, auximones, egg albumen, 
egg extract, Ehizopin, and vitamin B; the substitution of certain of these 
substances of unknown general chemical constitution by synthetic iron- 
containing humic acids, in the preparation of growth media; the iron nutrition 
of higher green plants grown in water cultures; the influence of soil humus and 
organic matter upon soil fertility, as a function of iron supply. It would be 
desirable to study plants with high requirements for certain less common ele¬ 
ments, such as Al, Mn, Cu, or B, and determine whether these could be sup¬ 
plied especially readily in the form of humates. In regard to iron humates, 
further work would be desirable in preparing natural or synthetic humic acids 
with in general still shorter induction periods, or greater effectiveness per unit 
of dry weight of humic acid (i.e., with still higher iron contents). This could 
be done by separating humic acids into each of their various organic acid 
constituents and then selecting, if there were any differentiation, the most 
superior, especially those compounds of low molecular weight. Finally, there 
remains the fundamental question of why humic acid iron is in general so 
much more available than the other types, at least those so far studied; at 
present we incline to the view that the explanation lies in the adsorbed condition 
of the humic acid iron (27) and its high solubility. In this connection study 
might be made of other colloidal carriers of iron besides the humic acids. All 
these problems yet to be solved should not be confused with the chief problem 
brought to solution in this paper, namely, the establishing of the r61e of iron 
in the stimulation of growth by humic acid. 

SUMMARY 

Upon the basis of a number of independent lines of evidence it is shown 
that humic acid causes stimulation of Azotobacter growth primarily by virtue 
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of its iron component; other inorganic impurities and the organic fraction are 
substantially inactive. 

Natural humic acid may be substituted for more or less satisfactorily by (a) 
complex, non-ionized organic acid iron such as ferric citrate, tartrate, oxalate; 
(i) inorganic iron such as ferric sulfate, metallic iron; humic acids prepared 
sjmthetically from glucose and ferric sulfate, and containing considerable 
quantities of iron. 

Natural humic acid was not substituted by (g) humic acids prepared 5301 - 
thetically from glucose to contain no iron, or as little iron as possible; ( 6 ) iron- 
free synthetic humic acids containing various metals such as Al, Co, Mn, Si, 
Mo, and P; (c) salts of such elements as Al, Co, Mn, Mo, Ni, Zn, Cr, Cu, and 
Ag at various metal concentrations ranging from 0.01 to SO p.p.m. 

The activity of a natural humic acid, per unit of dry weight, may be increased 
by synthetically increasing its iron content. 

Natural and synthetic iron-containing humic acids have been shown to 
alleviate a specific case of iron-deficiency occurring imder certain conditions of 
nitrogen fixation. 

Under conditions where humic acid exerted no stimulative effect the iron 
substitution compounds likewise exerted no effect, even though other chemi¬ 
cal substances and physiological conditions could at the same time increase 
the growth rate considerably. 

A statistical study of all tihe available data shows that, from a quantitative 
standpoint, a given sub-optimd amount of soluble iron {about 02 to 1 or 

less) gives the same order of magnitude of increased growthy independently of 
whether the iron is added as contained in naturat humic acid or in any of its 
substitution compounds. This statement requires the qualification that the 
experiments must proceed long enough to avoid limitation through induction 
period differences and to allow complete consumption of the sub-optimal 
physiologically active iron added. In the case of Azotobacter, natural humic 
acids commence to exert stimulation some hours sooner than organic acid iron 
compounds, and the latter again somewhat sooner than inorganic iron com¬ 
pounds; the synthetic iron-containing humic adds behave substantially as 
the natural ones. Consequently, in experiments of relatively short duration it 
will often be found that inorganic iron, and even organic acid irony will provide 
cofisiderably less satisfactory stimulation than iron contained in natural or syn¬ 
thetic humic adds. 

In view of this work, humic add is to be classed as both a nutrient which 
provides iron for growth and nutrition, and a stimulant which provides iron 
in a form in general more higUy available than that usually supplied in the 
medium. Humic acid is not a plant-vitamin, or any other constituent classifi¬ 
able as essential to the medium, since it may be replaced by other substances 
containing iron. 

Like many other inorganic and organic compounds of caldum, synthetically 
prepared caldum humate may supply calcium to Azotobacter in a caldum-free 
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medium, but in a form no more available than that usually supplied in the 
medium (calcium sulfate). Other similarly incomplete media could un¬ 
doubtedly be improved in a similar manner by humates containing the respec¬ 
tive lacking element, but this action would be a matter simply of nutrition and 
not of increased availability, and relatively large concentrations of the humates 
would have to be employed. 

Strictly interpreted, the reported findings apply only with respect to Azoto- 
bacter; but many reasons obtain for believing them to be of widespread 
application. Even though humic acid might with certain organisms and under 
certain special circumstances, play some rdle other than here assigned, the fact 
that in any case it is capable of increasing the availablity of iron would seem 
established beyond question. Humic acid is probably one of the few growth- 
promotors whose determining constitution has been thus established. 

Upon the basis of this work explanations in part are offered for {a) the widely 
different amounts of nitrogen fixed by Azotobacter per gram of sugar con¬ 
sumed, when time is not a variable; (6) Clark’s finding that growth stimulation 
of certain lower green plants by organic extracts occurs only in the presence of 
contaminating organisms; (c) the nature of the chemical constitution of 
various growth-promoters; and {£) the beneficial influence of humus and 
organic matter upon soil fertility. 

Postscript added to gdley proof. Since submission of the manuscript of this paper to press, 
Dr. Earl S. Johnston, division of radiation and organisms, Smithsonian Institution, Washing¬ 
ton, D. C., has very kindly performed some experiments on the effect of natural and synthetic 
humic acids upon the growUi of tomato plants in water cultures under artificially maintained 
conditions of temperature, humidity, and lighting, and also under greenhouse conditions. 
The following findings appear reasonably certain. A single initial dosage of 0.5 to 5 p.p.m. 
iron as iron humate provides iron in a form equal to, or superior to, dosages of 1 to 5 p.p.m. 
iron as iron tartrate added bi-daily throughout the growing period, the comparisons being 
made upon the basis of green and diy weights of tops and roots, organic nitrogen content, 
thickness of stems, extent of foliage, number of rootlets, and green coloring. The culture 
solutions containing iron humate do not accumulate the large precipitates of iron phosphate 
obtained with the customary forms of iron added, such as iron tartrate or sulfate. The con¬ 
centration functions of the natural and synthetic iron humates with respect to both iron and 
humate fractions are substantially the same as those given by Azotobacter [figs. 2 and 3 and 
(11, fig. 2)1; S 3 mthetic humic acids containing 5 to 10 per cent Fe are required in smaller con¬ 
centrations than the natural humic acids containing 1 per cent Fe; independently of the iron, 
the sjmthetic humate fraction becomes toxic at about 100 p.p.m. (as determined by using 
synthetic humic acids containing low contents of iron), whereas much higher concentrations 
of natural humic acids are required for toxicity by the humate fraction. More iron per unit 
of dry weight is required by Azotobacter than by tomato plants, but less dry weight is pro¬ 
duced per unit volume of culture solution, so that the actual iron requirements per unit of 
culture solution are about the same. On the whole, the synthetic humic acids arS probably 
somewhat preferable to the natural ones, in view of their better known composition, although 
where traces of unknown elements, and not merely iron, are required, the natural acids may 
be preferable. In the experiments being reported upon, no appreciable growth took place 
unless iron in some form were added. Thus, in one experiment lasting 3 weeks, the dead 
withered seedlings which resulted in the case of the solutions to which no iron was added 
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weighed 0.08 gm.^ (dry weight), compared to 1.22 and 2.51 gm. given by 0.02 and 2.0 p.p.m. 
iron as S3mthetic iron humate, or 2.24 gm. given by 11 p.p.m. iron as iron tartrate added in 
11 bi-daily dosages of 2 p.p.m. iron each, « 
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PLATE 1 

Warburg Micro-respiration Apparatus por Measuring Oxygen Consumption and 

Growth 

The cultures are contained in vessels (see figure 1) submerged in the constant temperature 
water bath. The vessels (not visible) are attached to the manometers, which are shaken at 
the rate of 120 cycles per minute with an amplitude of 3 cm. Fourteen manometers are ac¬ 
commodated in the apparatus, making a large number of simultaneous experiments possible. 
The temperature of the thermostat is generally maintained at 28® ±0.01®C. or 31® =b0.01®C. 
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This paper will present an anal)^ of various ph 3 rsiological aspects of stimu¬ 
lation of growth of Azotobacter caused by humic acid and substances capable 
of substituting for humic acid. Emphasis will be laid chiefly upon the rela¬ 
tions obtaining immediately subsequent to application of the stimulant. 
Apart from our previous work reported casually in other connections (2, 3, 4, 
5, 8), and the work of Iwasaki (11), little attention has been paid to these 
d 3 mamic, differential relations. Most other investigations, including our own 
preceding one (8), have been concerned experimentally chiefly with effecting 
by means of humic acid large integral increases of growth in cultures grown 
for days or weeks. Functional relationships based upon velocities obtained in 
this manner are subject, however, to the contingent disadvantage that the 
duration of the experiment is a variable and often uncontrolled factor involving 
secondary incidental phenomena (2, p. 1177; 4, p. 390). In order to eliminate 
this objectionable feature, the velocity constant of growth will frequently be 
employed here, in preference to the velocity of growth. Correspondingly, the 
“humic acid velocity constant ratio’’ will be employed in preference to the 
“humic acid ratio,” as a quantitative criterion of stimulation. Since growth 
in young cultures of Azotobacter maintained under constant conditions is 
logarithmic, functions based upon the former ratio will be independent of time 
factors, whereas functions based upon the latter ratio will vary with time (see 
table 1 and discussion thereof, “The Theoretical Integral Function”). 

EXPERIMENTAL METHOD 

The preparation and description of the various humic acids employed, and 
the general experimental procedure, are described in the preceding paper (8). 
It may be recalled that the monomolecukr velocity constant of growth is 
obtained by plotting natural logarithm of growth with respect to time, which 
yields a line the slope of which represents the constant g in the formula “g = d 
In {a + y)/d where a is the initial amount of inoculum and y is the growth 
increase after the time in hours; g is an important fimdamental criterion of 
growth since it represents ai oil times the rate of growth at unit concentration 
of cells, as distinguished from the observed velocity, which varies with the 

^ Fertilizer and Fixed Nitrogen Investigations Unit, Bureau of Chemistry and Soils. 
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concentration and therefore with the time. (For further discussion of the 
velocity constant g, see 6,14.) The g values reported in^this paper will be based 
upon not one, but several values of y at respective t values, in order to average 
out minor experimental errors causing apparent departures of growth from 
being strictly logarithmic. The terms gH.A. and go will refer to the velocity 
constants of growth in the presence and absence of humic acid (or substitutes 
of humic acid) respectively, the ratio between the two being the humic acid 
velocity constant ratio (H. A.-V. C. R.). 

THE HUMIC ACm CONCENTRATION EUNCTIONS 
The differencial functions 

The concentration of natural humic acids 3 delding approximately optimum 
stimulation varies from 25 to 100 p.p.m., 90-100 per cent of the optimum being 
obtained most frequently at about 50 p.p.m., as shown in figure 1. This 
statement applies to experiments so conducted that significant decreases in 
the concentrations of the active fraction of humic acid do not occur during the 
period of measurement, i.e., the humic acid velocity constant ratio remains 
constant with respect to time, for any given concentration. Functions so 
obtained represent experiments in which the amount of growth measured is in 
effect infinitesimally small, since the time is also, in effect, infinitesimally 
small, and consequently they have been termed ‘‘differential.’’ The integral 
fimctions represent the converse situation, where growths and durations are 
finite. 

The corresponding concentration of iron contained in humic acid, yielding 
optimum stimulation, is about 0.2-0.8 p.p.m. The synthetic humic acids may 
be prepared to contain at least two to three times the amount of iron foimd 
in our preparations of iron-rich natural humic acids (0.75-1.5 per cent), and 
the “differential” optimum concentration is correspondingly lower, 5-25 p.p.m. 
(see fig. 3A). 

The natural humic acid differential concentration function passes through a 
maximum at 200-600 p.p.m., as may be gathered from figure 2, curve V, and 
the corresponding synthetic humic acid function is correspondingly lower, 
about 100-300 p.p.m. We are of the opinion that the decreased stimulation 
occurring at higher concentrations is not due chiefly to iron, but for the most 
part to the organic fraction of the humic acid, inasmuch as synthetic humic 
acids containing practically no iron behave somewhat similarly. 

’ Because of solubility limitations, it is ordinarily impossible to attain a con¬ 
centration of inorganic iron sufllcient to yield a differential optimum concentra¬ 
tion, but the theoretical value is probably about 0.5 p.p.m. of soluble inorganic 
iron. 

As may be gathered from fig. 3B, curve 4E (and to some extent from curves 
5, 7B) the implied differential optimum concentration of ferric citrate is 2.5 
p.p.m., or about 0.5 p,p,m. ferric citrate iron. 
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As seen in figure 1, the optimum H. A.-velocity constant ratios vary, in the 
case of young vigorous cultures, from 1.25 to l.SO. This has been our e^ri- 
ence also in a large number of miscellaneous unreported experiments. The 
ratio may become somewhat higher at times, but only when the g value at 0 



Fig. 1. Teie DirrEKENHAX Influenod or Concentration op Natural Humic Acm upon 
THE Humic Acm Velocity Const.\nt Ratio (Warburg Technique) 

The g values in the presence and absence of humic add, tised to obtain the H. A.-Velodty 
Constant Ratio, arc based in every case upon hourly y and i values observed over a period of 
S-15 hours, goi used in denoting the curves, refers to the g value at 0 p.p.m. humic add. 
All experiments performed at 28°C. Curves I, H, HI, IV, V, VI, VH, cultures aged, in dayB, 
respectively 1, 1, 1, 1 (diluted 2 times), 1,1, 4 (diluted 6 times); initial respiration (cmm. 
Oa/cc./hour) respectivdy 4,20,20,8,25,25,65. H. A.-I employed in all cases, except H. A.- 
n in curve V. Source of nitrogen: N 2 , except in curves H and IH, where 50 p.p.m. NHa-N. 

p.p.m. H. A. is very low, about 0.08 or less, corresponding to a generation time 
of about 8 or more (see “Constant Temperature Conditions”)- It will be 
noticed that the various curves in figure 1 are in general higher as the g value 
at 0 p.p.m, is lower, i.e., an inverse function obtains. This fact is highly 
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significant and is commented upon further in the section “The Influence of 
Velocity of Growth in the Absence of Humic Acid upon the Humic Acid 
Velocity Constant Ratio/' 


The integral functions 

As the physiologically active fraction of the humic acid is consumed during 
the time course of an experiment, the observed “integral" opti m u m concentra- 



Fio. 2, Tbe Integrai. Influence of Concenteiation of Natural Humic Acm upon the 
Humic Acm Ratio in Experiments of Very Long Duration (Erlenmeyer 

Technique) 

Curve I. Data of Krzemieniewsky (13, p. 1004). Cultures grown in 200 cc. IJ per cent 
glucose medium in large flasks. Growth measured as nitrogen flxed. Source of nitrogen: 
N*. (The concentration of humic acid refers, in this single instance, to potassium humate.) 

Curve H. Data of Remy and RSsing (15, p. 354). Cultures grown in 100 cc. 2 per cent 
mannite medium in large fla^. Growth measured as nitrogen fixed. Source of nitrogen: N 2 . 

Curve HI, IV, and V. Data of Burk, Lineweaver, and Homer. Respectively 2, 6, and 
8-day old cultures of the same experiment. H. A.-V employed. Each point represents an 
average of duplicates. 2 per cent glucose employed instead of 1 per cent (in anticipation of 
the length of the experiment). Final pH: 6.8 ±0.1. Source of nitrogen: 200 p.p.m. NOrN. 
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tion will obviously shift higher and higher. When completely consumed, and 
the logarit hmi c phase of growth has been passed through, the growth velocity 
constant gradually becomes relatively less, per unit of cell concentration, 
compared to the control, as a result of consumption of the necessary elements 
of the medium, viz., Ca, P, 3Mg, glucose, not to mention Fe. 

Figure 2 shows that in experiments of several da 3 rs or weeks duration the 
integral opti m um concentration may increase to 1,000-1,500 (and -2,000) 
p.p.m. natural humic acid. It is this type of concentration function which is 
usually reported in the literature; figure 2 represents exemplary data of other 
investigations [Krzemieniewsky (13), Remy and Rosing (15)], in addition to 
our own, which, it will be observed, are very similar. It is obvious that in 
representing integral functions for cultures several da 3 rs old the humic acid 
ratio and not the velocity constant ratio is to be used. 

Curves V, IV, and III of figure 2 represent a continuous experiment and 
show excellently the shifting of the integral optimum concentration with time. 
The optimum values are 50-300, 600-800, and greater than 1,000 (probably 
1,500) p.p.m. at respectively 2, 6, and 8 days growth. Even the upward con¬ 
cavity developing in curve III is typical. It occurs because in relatively long¬ 
time experiments, because of limitation by other secondary factors, the humic 
add ratio as a function of time passes through a maximum for sub-optunal 
amounts of humic add [see (8, table 15)]. This effect is relatively greater 
the smaller the concentration. The general result is that the sub-optimal por¬ 
tion of the integral humic add ratio concentration fimction changes with 
time from being first concave downward, to being relatively linear, to being 
finally concave upward, when the cultures are grown in unshaken flasks and 
no renewal of the medium is made. It will be noticed in this connection that, 
as might be expected, curve III lies, for the most part, below curve IV, even 
though the latter represents a younger culture. The actual growths in the case 
of curve III are, of course, greater; only the humic add ratios are s ma ller, 
having been calculated, as usual, upon the basis of the growth in the 0 p.p.m.- 
culture for the respective day. 

The integral concentration functions of synthetic humic acids and organic 
and inorganic iron behave qualitatively much the same as those already de¬ 
scribed in connection with natural humic add. Comparing, for instance, in 
figure 3A, curves B, 11 A, and those remaining, one notes that the synthetic 
humic acid optimum shifts from about 5 to 10, 30 to 50, to greater than 60 
p.p.m., at 13 hours, 18 hours, and 2-11 days, respectively. 

Mixed functions 

In figures 3, 3A, and 3B are represented a number of miscellaneous experi¬ 
ments, including all the appertaining ones reported in the preceding paper (8). 
These will provide additional evidence with respect to the various relations 
discussed. In general, the experiments represented are of an intermediate 
type. They have been conducted for a period of time dther somewhat too 
long or somewhat too short, respectively, to demonstrate either the minimum 
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differential optimum concentration or the mayiTrm rn integral optimum 
concentration. 

Experiment 9A in figures 3 and 3A is possibly exceptional in being still 
concave downward, but since 2 per cent glucose was not employed in very 
long experiment the energy supply must have imposed an important limiting 
secondary factor preventing the higher humic acid concentrations from exert¬ 
ing their usual effect. The last point on curve 7B (100 p.p.m.) is probably 
low. The difference of behavior of curves A, 6, and 6A, fig. 3B, all representing 
6 -day experiments with inorganic iron, illustrates the considerable latitude of 
variation which must often be expected in the exact time relations of relatively 
old cultures. 


The theoretical integral function 

It is evident from figures 2, 3, 3A, and 3B that the integral humic acid ratio 
rarely exceeds 8 to 10, even in long-time experiments, and that, in experiments 
of not more than a week’s duration, values of 2 to 4 prevail as a rule. Were it 
not for such secondary factors as those discussed in the section “The Integral 
Functions’’, viz., consumptions of active fractions of humic acid, inorganic 
nutrients, energy supply, etc., much higher ratios might be expected, as shown 
in table 1. This is true in spite of the additional factor that a culture can 
obviously become only so heavy, through purely physical limitation. 

In table 1 is represented the theoretical humic acid ratios which would 
obtain if by some means physiological consumption factors and physically 
limiting factors could be eliminated, and optimum humic acid velocity con¬ 
stant ratios could be maintained indefinitely. Guided by figure 1, we have 
given values for three different ratios, covering the normal range, 1.25, 1.50, 
and 1.75. Values are also given, in the case of each ratio, for three different 
velocity constants at 0 p.p.m. H. A., 0.175, 0.116, and 0,086. In order of 
magnitude the first two constants occur most frequently in Warburg technique 


Fig. 3. The Mixed iNTEGRAX-DirrEitEimAL Inpluence op Concentr/^hon oe Natural 
Hmtcc Acid upon the Humic Acid Ratio 
Curves A, B, C, D, represent turbidity measurements. Curve E represents req;>iration 
rate measurements and is taken from the same experiment reported in figure 1, curve VI. 
The other curves correspond to respective tabular data in the preceding paper (8). 

Fig. 3a. The Mixed Integral-difpeiiential Ineluence oe Concentration oe Synthetic 
Iron-Containing Humic Acid upon the Humic Acid Ratio 
Curves A and B represent respiration rate measurements. The other curves correspond 
to respective tabular data in the preceding paper (8). 

Fig. 3b. The Mixed IntegraItDIeiereniial Ineluence oe Concentration oe Inorganic 
AND Organic Acm Iron upon the Humic Acid Ratio 
Solid lines, ferric sulfate; broken lines, ferric citrate. Curve A represents turbidity meas¬ 
urements. The other curves correspond to respective tabular data in the preceding paper 
(8). To convert absdssal values to p.p.m. of iron ‘‘compound” multiply by 5. 
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experiments, the latter two in Erlenmeyer technique experiments, at 28° — 
31°C. It is seen that even after only about 24 hours ratios greater than 8 to 10 
may be expected, becoming 20 to 60 after 2 days, and attaining absurd values 
in 3 to 5 dayB or more. 

Table 1 illustrates the relation already mentioned, that when the H. A.- 
velocity constant ratio is kept constant with respect to time the H. A.-ratio 
increases very rapidly with time, especially after about 12 hours, the increase 

TABLE 1 

The theoretical humic acid ratio as a function of time, at a maintained optimum constant humic 

acid velocity constant ratio 


H. A.-V. a BATIO 




1.25 



l.SO 



1.75 


Generation time 
(G. T.) (inab> 
sence of H. A.). 

8 

6 

4 

8 

6 

4 

8 

6 

4 

Corresijondmg 
vdodty con¬ 
stant (in ab¬ 
sence of H. A.). 

0.086 

0.116 

0.17S 

0.086 

0.116 

0.175 

0.086 

0.116 

0.175 

Theoretical 
humic acid 
ratio 

hours 

Time, 0 

1.00 

1.00 

1.00 


1.00 

1.00 

1.00 

1.00 

1.00 

4 

1.09 

1,12 

1.19 

1.19 

1.26 

1.42 

1.29 

1.41 

1.69 

8 

1.19 

1.26 

1.42 

1.41 

1.58 

2.02 

1.67 


2.85 

12 

1,29 

1.41 

1.69 

1.67 

2.00 

2.87 

2.15 

2.82 

4.80 

24 

1,67 

2.00 

2.86 

2.78 

3.98 

8.13 

4.63 

7.94 

23.2 

48 

2.78 

3.98 

8.13 


15.8 

66.8 

21.5 

63.1 

537 

(2 days) 

120 

12.9 

31.6 

191 

167 

200 

355 

2,090 

3 X 10* 

6 X 10® 

(5 days) 

168 

35.8 

1 126 

1,560 

1,280 

2 X 10® 

2 X 10® 

5 X 10* 

2 X 10® 

3 X 10® 

(1 week) 
336 

1,280 

2 X 10* 

2 X 10« 

2 X 10» 

3 X 10® 

6 X 10« 

2 X 10® 

4 X 10« 

1 X 10« 

(2 weeks) 











being logarithmic. It is also true that for a given period of time and for a 
given H. A.-velocity constant ratio the H. A.-ratio likewise increases logarith¬ 
mically with the magnitude of go. 

THE INELUENCE OR VELOCITY OR GROWTH IN THE ABSENCE OR HUMIC ACID 
UPON THE HUMIC ACID VELOCITY CONSTANT RATIO 

Constant temperature conditions 

It has been shown (8) that humic acid is a stimulant but not an essential 
for growth, and that it adds iron in a form more soluble and highly available 
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than the usual inorganic iron supplied. It would seem reasonable to expect, 
therefore, that as the growth velocity is increased, from one cause or another, 
humic acid stimulation wiQ decrease, since there is less opportunity for stimu¬ 
lation; a maximum possible velocity is being approached which is determined 
by numerous other factors (glucose concentration, salt concentration, tem¬ 
perature, etc.) which are, on the whole, unrelated to the stimulating agent. 
At low velocities the ratio (ma xim u m possible velocity)/(low velocity) is much 
higher than at high velocities and opportunity for stimulation presumably 
much greater. 



Fig. 4. Shmuiaxion as a Function op Growth Velocity 
The curves are lettered corresponding to the data given in tables 2-7 inclusive 

The inverse relationship between growth velocity and stimulation is ob¬ 
tained, in fact, with respect to all factors regulating growth velocity under 
conditions of constant temperature, as follow: nitrogen source; pressure of 
nitrogen gas; concentration of fixed nitrogen; medium constitution; and age or 
heaviness of culture; as shown, respectively, in tables 2, 4, and S; 3; 4; 5; and 
6 , Figure 4 presents a plot of all the functions. 

The close similarity in form and position of the curves in figure 4 is somewhat 
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surprising. They all fall between the limits of a narrow two-dimensional 
hyperbola which tends to approach the abscissa and ordinate practically 
within experimental error of measurement at, respectively, go = approximately 
0 .2, and H. A.-velocity constant ratio — approximately 5. It would appear 
that the latter ratio rarely exceeds I.IS — 1.20 when the velocity constant in 


TABLE 2 

The influence of growth velocity (as governed by nitrogen sowce) upon hurmc add stimulation 

(Warhirg technique) 


Experiment 1: 





Relative velocity constant (in 





absence of H. A.) . 

1.00 

1.35 

1.41 

1.55 

Source of nitrogen (fixed 




1 

nitrogen). 

N, 

NOrN (SO) 

ISIHi-N (SO) 

TJrea-N (50) 

g, no humic acid. 

0.160 

1.216 

0.226 

0.248 

g, 50 p.p.m. H. A.-V. 

0.202 

0.248 

0.250 

0.258 

H. A.-velocity constant ratio_ 

1.26 

1.15 

1.10 

1.04 

Experiment 2: 





Rdative vdocity constant (in- 





nf *H - A.). 

1.00 

1.30 

1.50 


Source of nitrogen (fixed nitro- 





sen: D.Djn.). 

Nj 

NO,-N (50) 

NHrN (100) 


g, no humic acid. 

0.100 

0.130 

0.150 


g, 25 p.p.m. H. A.-I1. 

0.140 

0.160 

0.165 


H. A-vdodty constant ratio.. , 

1,40 

1.24 

1.10 


Experiment 3: 





Relative velocity constant (in 





absence of H. A.) . 

1.00 

1.70 



Source of nitrogen (fixed nitro- 





sren: D.D.m.'). 

N 2 

NHrN (50) 



.... 

g, no humic acid .. . 

0.143 

0.243 



g, 25 p.p.m. H. A.-II . 

0.195 

0.296 



H. A-velocity constant ratio _ 

1.36 

1.22 



Experiment 4: 





Relative velocity constant (in 





absence of H. A.) .. 

1.00 

1.38 



Source of nitrogen (fixed nitro¬ 





gen: D.p.m.). 

Na 

NOrN (50) 



g, no humic acid. 

0.140 

0.193 



g, 40 p.p.m. H. A.-I. 

0.172 

0.203 



H. A.-velocity constant ratio— 

1.23 

1.05 




Experiments 1,2,3,4, respectively: 1,1,1,2 days old; 31°, 27°, 28°, 28°C.; final pH 6.7, 
7.0, 6.8, 7.0 db 0.1 (except in NH^N cultures 6.6 ± 0.2). 


the absence of humic acid exceeds 0.14, from whatever cause. Conversely, 
the ratio generally exceeds 2.00 when the constant falls below 0.08 to 0.10, and 
increases still further very rapidly as the constant becomes still smaller. 

In some, but not all, of the appertaining tables, somewhat larger stimulation 
is obtained in free than in fixed nitrogen, but this is what would be expected, 
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quantitatively, in view of the correspondingly somewhat smaller growth 
velocity and also the differences between other forms of fixed nitrogen. There 
is no need to consider that humic acid is exerting any significant additional 


TABLE 3 

The influence of growth vdocity (as governed by nitrogen gas pressure) upon hv/mic add 
stimulation (Warburg technique) 


Relative velocity constant (in absence of H. A.). 

1.00 

1.24 

4.48 

4.80 

Na pressure (atm.). 

0.10 

0.25 

0.45 

0.78 

g, no humic acid. 

0.025 

0.081 

0.112 

0.120 

gj 125 p.p.m. H. A.-n. 

0.083 

0.160 

0.195 

0.200 

H. A.-velocity constant ratio. 

3.32 

1.97 

1.74 

1.66 


Thirty-six-hour-old A. chroococcum. 0.20 atm. O 2 in different pressures of H 2 and N 2 
to 1 atm. total pressure. 


TABLE 4 

The influence of growth velocity (as governed by suproroptimal* concentration of fixed nitrogen) 
upon humic acid stimulation (Warburg technique) 


Relative velocity constant (in absence of 
H. A.). 

2.91 

2.63 

1.00 

(1.91) 

Concentration of NOs-N (p.p.m.). 

625 

1,250 


(Nrgas) 

g, no humic acid. 

0.221 

0.200 


(0.145) 

gj 50 p.p.m. H. A,-II. 

0.225 

0.221 

1.54 

(0.199) 

H. A.-velocity constant ratio. 

1.02 

1.12 


(1.37) 


Eighteen-hour-old A, vindandii. Final pH 7.0 db 0.2. 

* Supra-optimal rather than infra-optimal concentrations were employed—on account of 
the much greater ease in keeping the given concentrations constant throughout the course of 
the experiment. 


TABLE 5 

The influence of growth velocity (as governed by nature of medium) upon humic acid stimilation 

(fWarburg technique) 


Relative velocity constant (in absence of 
H. A.). 

2.42 

1.85 

1.00 

Source of nitrogen (fixed nitrogen: 50 

NOrN 

NOrN 

N, 

Medium*. 

Customary 

Phosphate 

Customaiy 

g, no humic add. 

0.192 

0.153 

0.083 

g, S0p,p.m. H. A.-II. 

0.216 

0.220 

0.170 

H. A.-velodty constant ratio. 

1,13 

1.44 

2.00 


•' Thirty-six-hour-old A, vinelandii diluted 6-fold with either customary (Le., complete 
nutrient) medium or 0.1 per cent potassium phosphate (i.e., without Ca, Mg, Na, Fe, Cl, 
SO4). 1 per cent glucose added to both media. Final pH 6.9 ± 0.1. 


influence upon the mechanism of nitrogen fixation, although it may at times 
do so (6); the experiments of table 6 are possibly also an exception to this 
statement. As shown in table 4, when the growth velocity in nitrate-nitrogen 
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is lowered by excessive nitrate concentration to a value lower than the growth 
velocity in free nitrogen, the stimulation is then correspondingly greater. 
Moreover, the stimulation depends markedly upon the nitrogen pressure (table 
3), and in table 5 stimulation in nitrate nitrogen is affected considerably by 
lowering the concentration of the common inorganic constituents, apart from 
potassium phosphate. 


TABLE 6 

The influence of growth velocity (as governed by heaviness of culture) upon humic acid stimulaMon 

(fVarburg technique) 


Rdative velodty constant (in absence of 
H. A.). 

7.2 

6.0 

5.3 

2.9 

1.00 

Relative degree of heaviness of culture. 

1.0 

2.5 

3.1 

4.4 

7.5 

Heaviness of culture (initial respiration 
rate) (cmm. 02 /cc./hour). 

16 

40 

50 

70 

120 

g,* no humic add. 

0.216 

0.180 

0.160 

0.089 

0.030 

g, 50 p.p.m. H. A.-V. 

0.302 

0.258 

0.236 

0.215 

0.136 

H. A.-vdodty constant ratio. 

1.40 

1.43 

1.48 

2.42 

4.53 


Five 1-day-old A. vinelandii cultures which had been inoculated 24 hours previously with 
different amounts of inoculum so that after 24 hours different amounts of growth would be 
obtained. 31^C. Final pH 6.7 i 0.1 Source of nitrogen; N 2 . 

♦ With the possible exception of the hghtest, or two lightest, cultures, the growth velocities 
in the absence of humic acid were no longer strictly logarithmic, but tended to fall off gradu¬ 
ally, chiefly because of incipient iron deficiency; consequently the average velocity for about 
second-eighth hour is employed. This procedure introduces only a slight uncertainty; the 
general conclusion is sufficiently established by this experiment, and many others not reported. 
Upon addition of humic add, all cultures gave logarithmic growths. Whereas the differences 
in slope between the no-humic add cultures are due chiefly to iron (and secondarily to other 
factors), the differences in the humic add cultures are due chiefly to other factors (such as 
caldum, possibly phosphate, sugar, etc.) 


TABLE 7 


The influence cf growth velocity (as governed by glucose concentratwi) upon humic acid stimulo 

tion* (JiifarbUrg technique) 


Relative velodty constant (in absence of H. A.). 

Initial glucose concentration (per cent). 

g, no humic add. 

g, SO p.p.m. H. A.-V. 

H. A.-velodty constant ratio. 


1.00 

1.35 

0.1 

1.1 


0.165 



1.11 

1.11 


* Data taken from table 11, fifth to thirteenth hour. Source of nitrogen: N 2 . 


It is seen in table 7 that although the growth velocity is 1.35 times as great 
in 1.1 per cent as compared to 0.1 per cent glucose, the H. A.-velocity constant 
ratio has not varied appreciably. Although it should not have been expected 
to vary markedly, in view of the magnitude of g and ratio values involved, 
approaching 0.14 and 1.0 — 1.1, respectively, an even more important circum¬ 
stance lies in the fact that at the low glucose concentration energy supply (oxy- 
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gen consumption) is rapidly becoming the chief limiting factor of growth and 
humic acid stimulation could not be expected in great degree. 

Apart from tables 2-7, inclusive, and figure 4, further evidence in favor of the 
inverse relation between growth velocity and H. A.-velocity constant ratio may 
be obtained from figure 1 and figure 5, and from considerations of the efitect 
of age of culture. In figure 1 the curves group themselves roughly in order of 
growth velocity in the absence of humic acid. In figure 5 stimulation is greater 
in nitrogen gas than in urea-nitrogen at all temperatures; at the same time the 
growth velocity is smaller at all temperatures (6,14). We have observed that, 
in general, as the age of a culture mcreases the velocity constant deaeases and 
the stimulation increases In much the same manner as shown in table 6, where 



differences in heaviness of culture are obtained by using different-sized inocula, 
rather than varying the age. 

Iwasaki (11) has shown that as the oxygen pressure is lowered from 21 per 
cent to about 2-4 per cent, and the growth rate inaeases, the effect of humic 
acid decreases, This we have confirmed. Below 2-4 per cent oxyg^ the 
growth rate in the absence of humic add again decreases, but humic add has 
no effect here, nor in general does fixed nitrogen or other factors, si^e energy 
supply (oxygen consumption) is now more or less the completely limiting factor 
of growth rate. 

The inverse relationship obtaining at any given constant temperature be¬ 
tween growth velodty and stimulation may be interpreted as rather strong 
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additional evidence that natural humic acid is to be classed as a stimulator of 
growth. Iron in some form is essential for growth, but the ability of natural 
humic acid to supply this iron is not specific. Another manner of regarding 
the matter is to consider that if iron is one of the chief factors controlling growth 
velocity, especially at the lower velocity, then the fact that one culture is 
growing more rapidly than another (with the same original iron supply) indi¬ 
cates empirically that less iron is needed in the former case and hence less 
stimulation could be produced. 

The influence of temperaPure 

The temperature function behaves to some extent conversely to the constant 
temperature growth velocity function just reported. Humic acid stimulation 
increases as the growth velocity is increased as a function of temperature over 
the sub-optimal growth velocity range (10® — 33®C. in Ns, and 10® — 33® — 
37®C. in various forms of fixed nitrogen, see 6, 7, 14). 

Figure 5 and table 8 present the data in connection with the influence of 
temperature upon the humic acid velocity constant ratio over the range 16® — 
40®C. The experiments reported therein were performed in quite another 
connection (6, 14) and although the smoothed curves of figure 5 represent a 
few discrepant points, the existence of the temperature function, in rough 
approximation to that indicated, would appear unquestionable. It may be 
mentioned that the growth temperature limits of Azotobacter are approximately 
10®C. and S0®C, 

It will be observed in figme 5 that below a certain temperature hunoic acid 
stimulation of growth velocity is negligible (about 20®C. in Ns, about 26® in 
urea-N). Above this temperature the stimulation ratio becomes finite and 
increases through some 10 to 12 degrees to attain a relatively constant value 
for possibly 5 degrees. The function takes the general form of an S-shaped 
curve between 0-40®C. The urea curve, as would be expected in view of the 
considerably greater velocity of growth in urea-N (see 6,14, and the preceding 
section “Constant Temperature Conditions’O, is considerably lower than in Ns. 
No respective data are available, but curves for NHs-N, NOs-N, and NOs-N 
would undoubtedly lie intermediate, in view of their intermediate growth 
velocities (6, 14). 

Table 8 brings out other interesting relations. The induction time is sub¬ 
stantially independent of temperature, respiration rate at which stimulation 
commences, and the H. A.-velocity constant ratio. Likewise, the last-named 
function, although dependent upon temperature, is substantially independent 
of the respiration rate at which stimulation commences (12-90 cram. Os/cc./ 
hr.) and, as just stated, the induction time, at least over the infra-optimal 
temperature range. The 2-hour induction values in N 2 , above 33®C., may 
be significantly lower than values at lower temperatures. 

The reason for sub-optimal temperatures yielding a humic add velocity 
constant ratio fimction of go the converse of that obtamed in the case of all 
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other investigated factors is not entirely clear. It is possible that temperature, 
as contrasted to aU other factors, possesses some direct influence upon the per¬ 
meability of humic acid, or upon its maintained concentration within the cell. 
It is very probable (6) that iron and temperature are the chief external factors 
regul a tin g growth velocity under usual conditions and that increasing tem¬ 
perature increases not only growth velocity but also the relative need for iron 


TABLE 8 

The influence of temperature upon the humic acid^vdocity constant ratio in free and urea nitrogen 

(Warburg technique) 



SOT7SCB OF NIISOGEN 


N. 

Urea 


Induction* 

time 

Respiration 
rate at endf 
of induction 
(cmm. Oi/cc./ 
hour) 

H. A-veloo- 
ity constant 
ratio 

Induction* 

time 

Req^tion 
rate at endf 
of induction 
(cmm. Os/cc./ 
hour) 

H. A.-veloc- 
ity constant 
ratio 

1 


Temperature 






■I 

16 

— 


1.00 

— 

(10) 


17 

4 


1.05 

4 

14 

■19 

20 

— 


1.00 

— 

(19) 


23.5 

5 


1.11 

— 

(35) 

■ia 

25 

3 


1.15 

— 

(24) 

1.00 

26.5 

4 


1.26 

— 

(22) 

mSm 

29,5 

2 

16 

1.34 

— 

(28) 

■19 

30 

4 

41 

1.35 

4 

44 


31 


. •.. 

.... 

5 

26 

1.11 

34 

5 

12 

1.20 

— 

(14) 

1.00 

36 

2 

24 

1.81 

5 

90 


37 


.... 

.... 

4 

42 


40 

2 

28 

1.43 

4 

42 

■9 


See (6,14) for detailed description of the experiments. In brief, 1-day old cultures were 
invariably employed and growth measurements made for 7-8 hours. 

* The time reqiured for humic acid stimulation to become evident, i.e., for the humic axdd 
ratio to become 1.03-1.05, and to continue to increase thereafter, or (again, le.) for the veloc¬ 
ity constant in humic acid to definitely assume a new (and constant) value as represented by 
a new slope when **log. respiration rale” is plotted against time. 

t i.e., the respiration rate when stimulation first commences. The values in parentheses 
in this column represent the respiration rates at an arbitrarily assumed time (fourth hour) 
in those cases where no stimulation occurs. 

to maintain the increased velocity. In the case of experiments made concern¬ 
ing the other factors, iron and temperature were substantially opt im um and 
were not limiting. There was no reason to suppose that variation in other 
factors could greatly increase or alter the iron need, even when the growth 
velocities were increased, since as pointed out in the first and last paragraphs 
of the section “Constant Temperature Conditions,” such increases in growth 
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TABLE 9 


The length of induction period given by natural humic acids in various experiments 
(Warburg technique) 


INDUC¬ 

TION* 

UBNCTH 

NITROGEN SOURCE 
(f IXED NITROOBN) 

B. A. 

£o 

A. 

^H. A. 

RESPIRATION 
SATE AT 
BEGINNING OF 
STIUULAIION 

CULTURSf 

AGE 

TEICPER- 

ATDRE 

hours 

p.p.m. 

p.p.m. 




mm. Chfcc./ 
hour 

days 

*C. 

1 

Na 

I-S4 

0.15 

0.21 

1.41 

10 

1 

28 

1 

Nj 

1-125 

0.13 

0.22 

1.69 

14 

1 

28 

1 

Na 

I-SO 

0.11 

0.18 

1.64 

25 

1(3) 

28 

2 

N, 

n-50 

0.07 

0.12 

1.67 

86 

2(4) 

28 

2 

Na 

11-25 

0.10 

0.14 

1.40 

28 

1 

28 

2 

Na 

1-50 

0.13 

0.20 

1.54 

38 

1 

28 

3 

Na 

1-50 

0.15 

0.20 

1.33 

43 

1 

28 

3 

Na 

V-SO 

0.17 

0.28 

1.65 

38 

1 (2) 

31 

3 

Na 

V-50 

0.09 

0.21 

2.34 

90 

1 

31 

3 

Na 

V-50 

0.18 

0.24 

1.33 

65 

1 

31 

3 

Na 

V-100 

0.22 

0.26 

1.18 

56 

1 

31 

3 ! 

Na 

n-40 

0.16 

0.18 

1.13 

25 

1 

28 

3 

Na 

n-40 

0.16 

0.18 

1.13 

35 

1 

28 

3 

Na 

n-40 

0,16 

0.19 

1.19 

48 

1 

28 

3 

N, 

n.40 

0.16 

0.20 

1.25 

63 

1 

28 

3 

Na 

n-40 

0.16 

0.20 

1.25 

72 

1 

28 

3 

Na 

11-40 

0.16 

0.22 

1.37 

73 

1 

28 

4 

N, 

v-50 

0.28 

0.36 

1.29 

24 

1 

31 

4 

Na 

v-50 

0.20 

0.26 

1.30 

70 

1 

31 

4 

Na 

V-SO 

0.03 

0.14 

4.67 

140 

1 

31 

4 

Na 

v-50 

0.01 

0.03 

3.33 

75 

1 

31 

4 

Na 

1-125 

0.20 

0.25 

i 1.25 

1 12 

1 

28 

4 

Na 

IV-25 

0.12 

0.19 

1.58 

! 43 

1 

28 

4 

Na 

IV-100 

0,12 

0,20 

1.67 

43 

1 

28 

4 

Na 

V-25 

0.12 

0.15 

1.25 

1 43 

1 

28 

4 

Na 

V-100 

0.12 

0.18 

1.50 

43 

1 

28 

5 

Na 

V-50 

0.12 

0.14 

1.17 

40 

1 

28 

5 

Na 

V-50 

0.15 

0.18 

1.20 

11 

1 

31 

5 

Na 

V-25 

0.02 

0.06 

3.00 

80 

1 

31 

6 

Na 

V-50 

0.09 

0.15 

1.67 

81 

1 

31 

6 

Na 

V-50 

0.09 

0.14 

1.56 

98 

2 

28 

6 

Na 

11-20 

0.19 

0.21 

1.11 

18 

1 

28 

6 

Na 

1-80 

0.04 

0.07 

1.75 

15 

4 (6) 

28 

6 

Na 

1-40 

0.13 

0.18 

1.38 

50 

2 (3) 

28 

6 

Ns 

11-40 

0.13 

0.18 

1.38 

SO 

2 (3) 

28 

7 

Ns ! 

1-40 

0.12 

0.27 

2.25 

14 

8 (27) 

28 

7 

NH5-N:50 

11-50 

0.22 

0.28 

1.27 

96 

1 

28 

9 

NOs-N:SO 

n-40 

0.14 

0.16 

1.14 

SO 

2 (4) 

28 


Ns 


0.15 

0.20 

1.33 

54 



3^ 

NOa-NtSO 

NHirN:50 

V-50 

0.22 

0.23 

0.25 

0.26 

1.14 

1.13 

65 

70 

(1) 

31 


Urea-N:S0 


0.25 

0.26 

1.04 

75 




* See footnote, table 8. 

t Subscript in parenthesis refers to initial degree of dilution, if any, with customary 
medium containing 1 per cent glucose. 

t These bracketed experiments in free and fixed nitrogen performed simultaneously. 
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TABLE 9--Concluded 


INDUC¬ 

TION* 

LENGTH 

NITROGEN SOURCE 
(riXED NITROGEN) 

B. A. 

fo 

A. 

g 

A. 

go 

RESnSAlION 
BATE AT 
BEOINNINOOT 
STIMULATION 

CULTUREf 

AGE 

TlgMT>ieB» 

ATURE 

hours 

p.pM, 

p.PM. 




enm. Oi/ce.J 
hour 

days 

“C. 


N, 

NO,-N:S0 

[ 11-50 

0.10 

0.10 

0.17 

0.22 

1.70 

1.38 

12 

13 

[ 1 (6) 

28 

st[ 

Nj 

N08-N:50 

1 n-50 

0.10 

0.18 

0.19 

0.22 

1.19 

1.22 

38 

41 

}■ 

28 

A 

N, 

NHirN:S0 

1 I-12S 

0.19 

0.26 

0.23 
0.37 : 

1.21 

1.42 

20 

25 


28 


Na 

NHrN:S0 

1 n-10 

0.14 

0.23 

0.17 

0.30 

1.21 

1.30 

26 

66 

}■ 

28 


velocity tended toward a limiting Tna-giTmiTn velocity determined chiefly by the 
other factors besides iron. In other words, the problem reduces to one of 
when iron is and is not the chief factor determining growth velocity and H. A.- 
velocity constant ratio. 


THE INDUCTION PERIOD 
Length 

A certain length of time elapses after addition of humic acid to a culture 
before stimxilation commences. This induction period varies, in general, 
from 1 to 10 hours, as shown in table 9. It is seen that 3 to 4 hours is the most 
frequent period, the distribution frequency being as follows: 1, 2, 3, 4, S, 6, 7, 
8, 9 hours, respectively, 3, 3,19, 9, 3,6,2,3,2. Commencement of stimulation 
is defined as the time when the humic acid ratios commence to rise appreciably 
above 1, i.e., 1.03 to 1.05, and subsequent time values indicate, by increasing 
in value, that the values 1.03 to 1.05 were real, and did not represent experi¬ 
mental error. There has been occasional indication that induction values 
considerably greater than 9 hours occur sometimes in young, very highly 
diluted, rapidly growing cultures (see 8, tables 19 and 20). This is in some 
measure to be expected in view of the results shown in figure 4, which indicate 
that when a certain high velocity is reached, say go = about 0.2 — 0.25 (in 
the case of Azotobacter), substantially no humic add stimulation is possible. 
The very prolonged onset of stimulation in such cases is therefore probably 
not induction, but simply the absence of stimidation. 

Character of onset of stimidation 

The onset of stimulation occurs rather sharply over a period of generally 
not more than one hour, as may be seen particularly in figure 6, but also in 
figures 7 and 8, and to some extent in tables 10 and 11. During induction 
go = but at the onset of stimulation the new gH.A. is established 
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suddenly; this is true, as seen in figure 6, independently of the length of induc¬ 
tion, i.e., 1, 2, 3, 4, 4, 5, S, S, or 8 hours, in curves III, V, IX, VIII, VI, IV, 
VII, II, and I, respectively. 



Fig. 6. The Sharply Depined Onset op Humic Acid Stimulation wtih Dippebbnt 
Lengths op iNnucnoN Period, Humic Acms, Temperatures, and Nitrogen 
Sources (Warburg Technique) 

Arrows indicate the approximate hoiir of definite commencement of stimulation and end of 
induction. In order to place all the nine stimulation curves in the figure the respiration rates 
have been calculated varyingly, per 1 cc., per 2 cc., etc.; this results in merely an ordinate shift 
of the entire curve. The cultures in the presence and absence of humic acid are indicated by 
circles and dots respectively. All cultures 1-day-old A, vinelandiif except No. IV, 2-day old. 
Curve I: H. A.-I: 125 p.p.m.; 28®C.; per 2 cc; NHrN: 50 p.p.m. 

Curve n: H. A.-II: 100 p.p.m.; 28®C.; per 1 cc.; NHrN: SO p.p.m. 

Curve ni: H. A.-I; 125 p.p.m,; 28®C; per 4 cc.; N 2 

Curve IV: H. A.-II: 40 p.p.m.; 28®C.; per 1 cc.; Nj 

Curve V: H. A.-V: 60 p,p.m.; 36®C.; per 1 cc.; N 2 

Curve VI: H. A.-V: 50 p.p.m.; 26.5®C.; per 1 cc.; Ns 

Curve VII: H. A.-V: SO p.p.m.; 31°C.; per 8 cc.; Urea-N: 100 p.p,m. 

Curve VUE: H. A.-V: 50 p.p.m.; 31°C.; per 1 cc.; Ns 
Curve IX: H. A.-V: 100 p.p.m.; 31®C.; per J cc.; Ns 




HtJMIC ACID AJSTD A20T0BACTER GROWTH 


473 


TABLE 10 

Comparison of induction periods of synthetic and natural humic acids {Warburg technique') 



KJOPCBBCCNr 1 

EXPEEnCENT 2 

expesiuentS 




H. A.-ratio 



Humic add, 50 







p.p.m. 

V 

(natural) 


|HH 

VII 

V 

vn 

hours 







Time, 1 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

2 

1.00 

1.00 

1.01 

1.02 

1.00 

1.00 

3 

1.00 

1.00 

1.14 

1.02 

1.00 

1.00 

4 

1.02 

0.99 

1.23 

1.11 

1.01 

1.00 

5 

0.99 

1.02 

1.42 

1.15 

1.01 

1.00 

6 

1.01 

1.01 

1.52 

1.22 

1.02 

1.04 

7 

1.06 

1.04 

1.57 

1.26 

0.99 

1.06 

8 

1.07 

1.05 

1.89 

1.41 

1.02 

1.07 

9 

1.13 

1.11 1 

2.59 

1.99 

1.16 

1.13 

10 

.... 


2.95 

2.15 

1.17 

1.22 

12 

1.17 

1.18 

.... 


_ 

.... 

13 

1.17 

1.20 

.... 


.... 

.... 

14 

1.20 

1.24 

• • • • 

• • » • 

.... 

.... 

16 


.... 

3.56 

3.06 

1.28 

1.36 


In all esperiments, l-day-old cultures of A. vindandii, pH 7.0 ifc 0.1. Source of nitrogen: 
N*. Initial respiration (cmm. (Vcc./hr.). Eicpeiiments 1, 2,3: 5,15,35. 

TABLE 11 

The influence of glucose concentration upon the length of induction period and humic acid ratio 

(Warburg technique) 

JfUJs, CEafiTX OltITCOSB 



0.12-0.15 

1.12-1.15 

H. A-ratio 

SO p.p.in. H. A.-V. 


X 


X 

Low sugar 

High sugar 

Rate of respiration* 







(cmm. O 2/2 cc./hour) 







hows 







1 

(12.4) 

(8.6) 

(11.6) 

(8.0) 

I (-) 

(-) 

2 

20.7 

(20.7) 

23.3 

! (23.3) 

! (1.00) 

(1.00) 

3 

29.8 

29.8 

28.5 

28.9 

1.00 

1.01 

4 

37.6 

38.0 

37.2 

37.6 

1.01 

1.01 

5 

39.5 

41.4 

39.8 

41.0 

1.05 

1.03 

6 

44.0 

46.7 

49.1 

52.6 

1.06 

1.07 

7i 

47.9 

50.0 

55.6 

61.6 

1.04 

1.11 

81 

57.9 

62.1 

67.3 

73.4 

1.07 

1.09 

9i 

64.5 

70.2 

86.7 

99.0 

1,09 

1.10 

12 j 

86.0 

96.3 

120 

142 

1.12 

1.18 

13 

102 

116 

155 

184 

1.14 

1.19 


Tlurty^suErhour-'Old A. vinelandii diluted 5 times with, customary medium# pH 6.8 =k0.1. 
* Averages of duplicate determinations. 


















474 


D. BinSUBl, H. LINEWEAVER AND C. K. HORNER 


Figure 7 shows that the sharpness of onset of induction, as well as the length 
of induction, is substantially independent of concentration of humic acid, 
although perhaps not entirely. In this figure, as weU as in figure 8, the slope 
of any curve at any moment is proportional to stimulation as measured by 
“gH. A.. got” or the increase in velocity constant caused by humic add, as is 
evident from the following formula gatim = te.A. ((^ + yH.A)/ 

(a + yo))// == In (H. A.-ratio)/^. If necessary, the humic add velodty con- 



Fig. 7. Humic Acm Stdiuiation as a Function op Time and Concentration op Humic 
Acid (Warburg Technique) 

One-day old A. vinelandii, 28®C. Final pH 7.0 ±0.1. H. A.-!! employed. Source of 
nitrogen: N 2 . 

stant ratio may be obtained from the relation H. A.-V. C, R. = (gstim + go)/ 
go, go being given. 

At all concentrations the induction periods in figure 7 last about 3 hours, 
and the new respective gn. a. values are established within 1 to 2 hours. It is 
possible that establishment in the case of 2 and 10 p,p.m. H. A. is somewhat 
longer than at 25 p.p.m. Triplication of cultures would be necessary to es- 
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tablish this minor point with certainty. It is definitely longer in the case of 
100 p.p.m., even though the slope is slightly greater than at 25 p.p.m., because 
of the phenomenon, elsewhere referred to, that, at about 100 p.p.m. humic add 
or greater, stimul a tion is at first inhibited slightly for secondary reasons, so 
that a combination of st im u la tion and temporary slight inhibition obtains. 

The humic acid velodty constant ratio as a function of concentration, 
considered in figure 1, is well illustrated in figure 7 for the case of a single 
experiment. There is a gradual increase in gH.A (i-e., gH.A “ io) up to 



Fig. 8. The Induction Period as a Function of Moment of Addihon (Warburg 

Techniqxte) 

One-day old A, vindandii, 28®C. Final pH 6.9 ±0.1. 40 p.p.m. H. A.-n emplo 3 red. 
Source of nitrogen: N 2 . In this experiment a number of identical culture vessels were set up 
at / = 0, and humic acid added to each of two duplicate cultures at ^ = 0, 2, 4, 6, 8, and 10 
hours, respectively. 


about 25-100 p.p.m. humic add. The consumption of the active stimulating 
fraction of humic add is also well illustrated in figure 7 by the ultimate 
decreases in slope to zero at 10-14 hours, occurring perhaps a little more sharply 
and sooner, the lower the concentration. The assumption of a horizontal or 
zero slope indicates that the active fraction of the humic add has been entirely 
consumed and that the culture is then growing with the same velodty constant 
as the culture in the absence of humic add. 




476 


D. BTULK, H. LINEWEAVER and C. K. HORNER 


The cause of induction 

We have been unable to ascertain the chief factor determining length of 
induction period, but, as may be gathered particularly from table 9, and to 
some extent from tables 8, 10, 11, and figures 6, 7, 8, a great many factors 
have been investigated with negative results in every case. The length of 
induction period would appear to be substantially indep)endent of temperature 
(table 8); source of nitrogen (tables 8,9; fig. 6); sugar concentration (Table 11); 
humic acid preparation (Tables 9, 10; fig. 6); concentration of humic acid 
(table 9; figs. 6, 7); age of culture or degree of dilution of culture (table 9); 
respiration rate at onset of stimulation (tables 8,9,10; fig. 6); moment of addi¬ 
tion (fig. 8); go (table 9; fig. 6); gn. a (table 9; fig. 6); and H. A.-velocity con¬ 
stant ratio (table 9, fig. 6). 

Plots of data in table 9 of induction period length against either go, gn. a., 

a/^o, or “respiration rate at beginning of stimulation^* yield no detectable 
function; the points are scattered in an entirely random manner. 

The experiment represented in figure 8 was performed in order to eliminate 
the possibility that the observed induction period occurred because of some 
property peculiar to Warhirg technique experiments. According to this 
possibility cultures so grown might require a certain period of adjustment in 
the apparatus before being susceptible to stimulation. It is seen, however, 
that this possibility does not obtain. As the moment of addition of humic 
acid to the culture is varied from 0, 2,4, 6,8 and 10 hours the induction period 
remains approximately constant at 3 to 4 hours, and then, in every case, the 
new velocity constant of stimulation is established within an hour or two. It 
is of interest to note the slight increase of gn. a and H. A.-V. C. R. with time 
or moment of addition. 

In view of the aforementioned negative evidence with respect to so many 
factors it would seem probable that the existence of the induction period is 
determined by some purely physiological factor such as permeability or rate 
of entrance of the active stimulating fraction of humic acid into the cells, which 
is beyond the scope of this paper to investigate.^ 

® Iwasaki (11), working in Meyerhofs laboratory, has also observed that at 28®C. a sharply 
defined induction period occurs which is relatively independent of the concentration of humic 
add; that the action of humic add is due to the consumption of some constituent, since the 
length of time over which humic add stimulation continues increases with the concentration; 
and that, as we have shown elsewhere (2, 3,4), (a) humic add stimulates cultures grown in 
free or fixed nitrogen, (6) the stimulation is decreased as the oxygen pressure is decreased 
below 0.21 atmosphere, (c) the efiSdency of growth increases as the rate of growth is stimulated 
by humic add, (d) humic add is heat-stabile at autoclaving temperatures. Iwasaki’s work 
is therefore in substantial agreement with our work wherever the same phenomena have been 
investigated; it is less extensive, however, and subject to the disadvantage that velodty 
constants of growth, i.e., logarithmic functions of growth, were not employed. On this latter 
account, and because of greater experimental error, Iwasaki was unable to observe, as we 
have in figure 7, that stimulation as represented by an increase in the vdodty constant of 
growth is a definite function of concentration of humic add. 
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Induction in humic acid substitution compounds 

Various natural humic acids present minor differences in induction length, 
and consequently the same differences should be expected between various 
synthetic iron-containing humic acids or between the latter and natural 
ones. Table 10 illustrates a few experiments comparing the synthetic and 
natural humic acids, VII and V, in which it is seen that roughly the same in¬ 
duction period obtains in both cases. In the light of all our work on this sub¬ 
ject, it can be said that, in general, synthetic acids can be prepared to 3 deld 
the same induction period, viz., a few hours, as the natural humic acids, but 
that sometimes a given synthetic humic acid will show a distinctly longer 
induction period. 

As a result of gathering together a considerable number of pertinent experi¬ 
ments similar in import to those in table 9, it may be said that organic acid iron 
compounds of the type of ferric citrate show an induction period of generally 
8 to 15 hours (very occasionally less, however, or even more), whereas with 
inorganic iron compounds the induction is generally 15 to 30 hours.® 

The Influence of Eumic Acid upon the OxidaiionrRedttction Potential of the 

Medium 

Studies carried out during the last decade, and in particular during the last 
year or two [Knight (12), Hewitt (10), and Allyn and Baldwin (1)] have 
indicated that the oxidation-reduction (0/R) potential of the medium may 
influence markedly the growth of bacteria, and vice versa. In view of the 

* It is not diBScult to understand, on grounds of solubility alone, why inoiganic iron should 
show much the greatest induction phase. In stating in the various ezpenments that inorganic 
iron of a certain concentration is added, no implication is intended that any con^erable 
fraction remains in solution. Thus an addition of 2 p.p.m. Fe as FesCSOOs would 3 deld about 
0.01 p.p.m. soluble Fe. The initial soluble iron content of customary medium containing 1 
per cent glucose is considerably higher (about 0.035 to 0.057 p.p.m.). Since the minimum 
equilibrium concentration of iron of any type yielding optimum stimulation of growth is 
about 0.5 p.p.m., inorganic iron must almost always be limiting^ and will compare favorably with 
htmic acid iron (etc.) only when the latter is supplied in similarly limiting concentrations. This 
point cannot be too strongly emphasized. Upon this ba^ it is easy to understand the uni¬ 
versal observation that the ash of humic add, containing iron, is usually relatively inactive 
compared to the original sample of unashed humic add. On the other hand, all humic add 
and organic add iron is soluble. Since the induction phase is still slightly greater in the latter 
case than in the former case it is evident that solubility is not the sole physiological factor 
governing differences in induction-time values between different iron-compound tsrpes. The 
fact that the iron in humic add is partly in an adsorbed condition very probably explains 
its greater availability compared to iron bound to organic adds, which is in chiefly a non-ionic 
complex form. Fin^y, it is to be pointed out that although the simple organic add and 
inorganic iron compounds show in general greater periods of induction than natural (or 
synthetic) humic adds, the fact that they show induction at all is in itself additional evidence 
in favor of the view that iron is the cause of humic add stimulation, because of the qualitative 
similarity to the humic adds; since the simple iron compounds obviously possess secondary 
chemical differences they can be expected to possess secondary physiological differences. 
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proved connection of humic acid stimulation with iron (8), and the relation 
of iron, even in small concentrations, to systems of interest in connection with 
0/R potentials, it is obviously pertinent to determine whether humic add 
stimulation is related to any change which humic add may impose upon the 
0/R potential of the medium. 

We have employed the La Motte series of dyes: 1. o-chlorophenol indo- 
phenol, 2. phenol indophenol, 3. o-cresol indophenol, 4. l-napthol“2-sulfonate 
indophenol, 5. methylene blue, 6. indigo tetrasulfonate, 7. indigo disulfonate, 
and 8. indigo monosulfonate, with respective Eo values at pH 7.0 of 0.233, 
0.229, 0.195, 0.119, 0.011, -0.046, -0.125, and -0.157. The cultures have 
always been adjusted initially to pH 7.0, by the appropriate and necessary 
addition of either mono- or di-potassixim phosphate. The Warburg technique 
has been used for experiments conducted in an oxygen-free atmosphere, and 
both the Warburg and Erlmmeyer techniques for cultures maintained in air. 
In the anaerobic experiments care was taken to have removed the last traces 

TABLE 12 

The influence of hydrogen as compared to nitrogen upon the 0/R potential under anaerobic condi¬ 
tions (Warburg technique) 

GAS 

Hi Ni Hi N» 

2 5 5 7 

40 . 

50 50 

. 40 

Three-day-old 4. vinelandii, 31®C. Dyes tipped into cultures from side-cups of respira¬ 
tion vessels after last traces of oxygen removed as shown by zero respiration readings (KOH 
in the well). Experiments performed in duplicate. 

of oxygen before adding the dye to the medium. In general the colorimetric 
dye comparison measurements were accurate to =b 5 per cent. 

Call suspenaons of Azotobacter, in common with those of many other bacteria [Caiman, 
Cohen, and Clark (9) ], are poorly poised with respect to the electromotively active material 
present at any moment. With cultures at least 1 day old, the percentage rates of reduction 
are relatively independent of concentration of dye up to 100-200-500 p.p.m. In air, a posi¬ 
tive 0/R potential of about -1-0.20 volt is assumed, as indicated by partial reduction (in 
general 50 per cent, see table 14) of dye 3, attained after one-half to several hours. The rate 
depends a good deal upon the concentration of dye employed and the extent of shaking em¬ 
ployed to maintain equilibrium with the 21 per cent Os in the air which the cultures through 
respiration tend to lower. Dye 2 is reduced completely and dye 4 is not reduced at alL In 
Ns, a negative potential of about —0.15 v. is assumed after some hours of anaerobiosis (see 
table 13). Dyes 1, 2,3 (at concentrations of 5-100 p.p.m.) are reduced 95 per cent in about 
15 minutes, dye 4,95 per cent in about 30 minutes, dye 5,95 per cent in 1 to 2 hours, and dye 
7,95 per cent in 6-12 hours. Reduction of dye 8 has never been observed to an extent greater 
than 5 :±; 5 per cent. Upon admission of air to, say 90-95 per cent reduced dye 7 (in anaerobic 



Ni 


20p.p.m. dye. 2 

Per cent reduction, 5 minutes. 40 

Per cent reduction, 18 minutes. 

Per cent reduction, 180 minutes. 
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Azotobacter cultures), the oxidized form (0-10 per cent reduced) is assumed in a few seconds, 
and to other more positive dyes correspondingly longer times (1 to 15 minutes); with dyes 1 
and 2 little or no reoxidation is obtained. In Hs the same results are obtained as in nitrogen 

TABLE 13 

The influence of natural and synthetic humic adds upon the 0/R potential of cultures of customary 
medium maintained in pure (Warhirg technique) 


Experiment 1: 
P.p.m, dye 7.. 

4 

8 

30 

90 

15 

15 

15 

P.p.m. H. A... 
Per cent re- 

““ 

— 

— 


— 

■— 

V-10 

duction, 5 
hours. 

90 

65 

65 

70 

80 

75 

85 

200 

Experiment 2; 
P.p.m. dye 7.. 

10 

10 

40 

40 

100 

100 

40 p.p.m. H. 








A.-V. 

+ 

__ 

+ 


+ 

__ 

4 - 

Per cent re- 






duction, 11 
hours. 



95 

95 

85 

85 


Per cent re- 








duction, 17 
hours. 

95 

95 

95 

95 

95 

95 

75 

Per cent re¬ 

duction, 21 
hours. 







85 

Experiment 3: 
P.p.m. dye 7.. 

20 

20 

20 

20 

20 

20 

20 

P,p.m, H. A.- 








V. 

5 


20 

... 

40 


150 

Per cent re¬ 





duction, 17 
hours. 

0 

0 

0 

0 

0 

0 

0 

Experiment 4: 

50 p.p.m. dye. 
10 p.p.m. dye. 

3 

3 

3 

4 

4 

4 

5 

P.p.m. H. A.,.. 
Per cent re¬ 

- 

V 

VI 

: - 

V 

VI 


duction, 7 
hours. 

C 

1 c 

C 

► 0 

1 c 

1 c 

I 0 


15 

15 

15 


15 

V-150 

VI-50 

IX-50 


xvm-so 

60 

75 

55 

55 

65 


(Dye 8 




200 

10) 

’ * 

• • * 

• « • 

... 

0-5 

• • 

... 

i 

75 

•• 

•• 

... 

... 

85 


.. 

... 

... 

20 

5 

S 

100 

100 

! 

40 

- 

40 

- 

0 

0 

0 

0 

0 

5 

5 


... 

... 

V 

VI 


... 

... 

0 

0 

.. 

... 

. .4 


Experiment 1: 3-day-old A, vinelandii. 31^C. 

Experiment 2: 2-day-old .4. vinelandii, 31®C. 

Experiment 3: Customary medium containing 1 per cent glucose (no Azotobacter). 
About 2S°C. 

Experiment 4: Customary medium containing 1 per cent glucose (no Azotobacter). 
31°C. 

Experiments performed in duplicate, 

(see, for example, table 12), The experiments with hydrogen, exampled by table 12, are 
important in showing, even more delicately than hitherto (2), that Azotobacter is unable to 
consume hydrogen gas, i.e., hydrogen is completely inert, and that Azotobacter possesses no 
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hydrogenase similar to that recently discovered by Stephenson and Strickland (16) capable of 
activating hydrogen gas to reduce oxygen gas, methylene blue, nitrate and fumarate, etc. 
The medium in the absence of Azotobacter (“customary” medium contai ni ng 1 per cent glu¬ 
cose) has no detectable effect on dye reduction either aerobic or anaerobic (see table 13), under 
the various experimental conditions employed. In short-time, aerobic, WarhuTg technique 
experiments, no beneffcial effect of dye on growth (respiration rate increase) was observed, 
when 10 and 100 p.p.m. dye 2, 5 and 50 p.p.m. dye 5, and 5, 25, and 100 p.p.m. dye 7 were 
used; whereas in the same experiments, H. A.-V exerted a stimulating effect by the second 
hour and had established by the sixth hour a humic acid ratio of 1.5. 0/R effects are substan¬ 
tially independent of the age of culture. In one experiment, in N 2 , using 1, 3, 7,10,12,13, 
and 38-day-old cultures, 75-90 per cent reduction of 20 p.p.m. of dye 7, at about 23®C., was 
obtained in 8 hours and remained thus for 30 hours. In another experiment, in air, using 1, 


TABLE 14 

The influence of mtural and synthetic humic acids upon the OlRpoteniial of cultures or customary 
medium mainiained in air {Erlenmeyer techniqtie) 


Experiment 1: 









20 p.p.m. dye. 

3 

3 

3 

3 

4 

4 

4 

4 

P.p.m. H. A.-V. 

0 

20 

50 

100 

0 

20 

SO 

100 

Per cent reduction, 1 hour. 

40 

40 

40 

40 

0 

0 

0 

0 

Per cent reduction, 2 hours. 

40 

40 

40 

40 

0 

0 

0 

0 

Experiment 2: 









P.p.m. dye 3. 

50 

50 

150 

150 




... 

50 p.p.m. H. A.-V. 

50 

,, 

SO 

... 





Per cent reduction, J hour. 

35 

35 

15 

15 





Per cent reduction, li hour. 

35 

35 

15 

15 





Experiment 3: 









P.p.m. dye 3. 

50 

50 

50 

50 





50 p.p.m. H. A. 


V 

VI 

X 





Per cent reduction, 20 minutes. 

80 

80 

80 

80 





Experiment 4: 









P.p.m. dye 3. 

20 

20 

20 






25 p.p.m. H. A. 

,. 

V 

X 

... 





Per cent reduction, 5 hours. 

50 

50 

50 

... 





Per cent reduction, 24 hours. 

50 

50 

SO 



•• 




Experiments 1, 2, 3, 4: 3, 3, 17, 5-day-old A, vinelandii. All experiments in duplicate 
except No. 3, in triplicate, temperature about 23®C. 


2, 5, 7,14,19,20, and 44-day-old cultures, 20-^0 per cent reduction of SO p.p.m. of dye 3 at 
about 23®C. was obtained in } to 3 hours, and maintained thereafter indefinitely. The 
younger 1- and 2-day-old cultures required somewhat the longer reduction times, and in 
general, with very young cultures one must employ relatively smaller concentrations of dye 
to obtain equal reduction times as compared with cultures 2 days old or more; the 0/R 
capacity factor is undoubtedly smaller in very young cultures. The effect of oxygen tension 
upon 0/R x>otential of cultures is easily observed. In one particular experiment with 5-day- 
old A. vindandU maintained in Warhurg vessels at 100, 21, and 2 per cent O 2 (in N 2 ) the per 
cent reductions of 50 p,p.m. of dye 3 obtained after 3 hours were 20, 50, and 90 per cent, re¬ 
spectively (corresponding to a maximum difference of about 0.05 volt). It is highly probable 
that the unique oxygen pressure functions of growth, respiration, and growth efi&dency (3) 
are in some degree related to 0/R potentials established at different oxygen pressures. 
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As seen in tables 13 and 14, humic acid exerts no measurable efiEect upon the 
0/R potential of either cultures of Azotobacter or the customary medium main¬ 
tained under either aerobic or anaerobic conditions. This is true for both 
natural humic acids (H. A.-V) and S 3 nithetic humic acids, independently of 
whether the latter are iron-rich (viz., H. A.-IX, X) or iron-poor (viz., H. A.- 
VI, XVin). Moreover, the rates of dye reduction are likewise completely 
unaffected. Concentrations of humic acid varying from 4 to 15Q p.p.m. have 
been employed, and the dyes have varied in concentration from 5 to 200 p.p.m. 
Although humic acid might exert an 0/R potential of exceedingly small 
magnitude, possibly detectable by electrometric technique, it is certain from 
these results that, so far as growth of Azotobacter cultures is concerned, no 
significant influence is involved. 

Does Humic Adi Act by Increasing Directly the Availability of the 
KnoTvn Constituents and Physical Properties of the Medium? 

Tables IS to 19 show that the humic acid ratio is on the whole independent 
of the nature of the inorganic medium in experiments of ordinary duration. 
The variations between the limits 1.4 and 4.5 are quite random, and can be 
assigned consistently to no particular inorganic causes. The independence is 
particularly striking, as shown in experiment 7, table 15, and in the case of the 
first two media employed in table 17; on the one hand, aU the customarily added 
ions are present, and, on the other hand, the only other inorganic ion present 
is Na (except NOa and HCQs, but these are present in both cases as a result of 
addition or of production in respiration). Tables 16 and 17 show particularly 
that the humic acid ratio is not significantly affected by either the presence or 
the absence of Ca, Mg, Fe, K, Na, Cl, PO4, or SO4, under the given conditions. 
Table 18 shows that the inoculum employed in tables IS, 16, and 17 can not 
have supplied sufficient of the customary inorganic salts to suffice for one 
generation or transfer, since after seven transfers the ratio has remained un¬ 
changed, within errors of experimental measurement. Table 19 eliminates, 
as far as possible, the likelihood of these customary salts being supplied in 
either the glucose or the bicarbonate employed and a number of other similar 
experiments, not reported, gave the same results also. 

Table 20 shows that humic acid has no immediate and direct effect upon 
CO 2 production, glycolysis (the formation of lactic acid, or some other acids), 
glucose consumption, or O 2 consumption. The date of table 11, and also the 
data of table 19, as compared with that of table 18, in some measure offer 
additional confirmation with respect to glucose consumption, since the initial 
glucose concentration has been varied 10-fold, In several hundred experi¬ 
ments with the Warburg technique, where cultures have been maiatained in the 
presence or absence of humic acid, it is ordinarily impossible to detect any 
appreciable increase (3 to 5 per cent) in respiration dining the first hour after 
the addition of the humic acid, whereas, on the other hand, common stimulants 
or depressants of respiration, such as changes in Oa tension, HCN, and in- 
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different narcotics, almost invariably exert their complete effect within a few 
minutes. 

The humic acid ratio does not depend upon the source of nitrogen available 
for growth, provided that the growth velocities in free and in the various forms 


TABLE 15 

MiscdUmeous experiments on the magnitude of the humic acid ratio in the presence and absence 

of fixed niirogen 


EXPESBCENT NUICBZX 

MEDIUM 

FINAtNET 

(SELATIVE 

H. A-I 
(25 p.pjn.) 

TUBSIDITV 

GROWTH) 

No humic 
add 

H. A.-EAHO 

Experiment 1 (a) : 





a. In Na . 

Customary 

450 


4.5 

b. In NOj. 

Customary 

982 


3,3 

Experiment 2 (a): 




a. In Na ... 

Customary 

371 

158 

2.4 

b. In NO*. 

Customary 

982 

340 

2.9 

Experiment 3 (a): 




a. In Na . 

Customary 

522 

143 

3.6 

b. In NOs. 

Customary 

886 

384 

2.3 

Experiment 4 (a); 




a. In Na... 

Customary 

458 

109 

4.2 

b. In NOa. 

Customary 

833 

384 

2.2 

Experiment 5 (b) : 




a. In Na . 

Customary 

99 

30 

3.3 

Experiment 6 (c): 



a. In Na . 

Customary 

60 

41 

1.5 

b. In NOs. 

Customary 

162 

98 

1.6 

Experiment 7 (d) : 




a. In NOs. 

Customary 

117 

50 

2.3 

b. In NOs. 

Bicarbonate 

18 

5 

3.6 

Experiment 8 (e): 





a. In NOs. 

Customary 

207 

85.8 

2.4 

Experiment 9 (e): 

a. In NOs. 

Bicarbonate 

186 

103 

1.8 

Experiment 10 (e): 





a. In NOs. 

Customary 

287 

174 

1.7 


a, b, c, d, e, inoculated with 2 drops 3-day, 1 drop 2-day, 1 drop 4*day, 1 drop 2-day, 1 drop 
2-day-old A. vinelandii\ analyzed after 48,41, 74, 52,48 hours. The relative values are rela¬ 
tive only within any given eaEperiment, and not between different experiments. 

In e:q)eiiments 1,3, and 4, specifically, and many other similar experiments, the humic add 
ratio is lower in NOs-N than in Na-N under otherwise comparable conditions, undoubtedly 
because growth in NOg-N in humic acid is approaching its ultimate value under the given 
conditions and the velodty of growth is decreasing relatively more rapidly. 

of fixed nitrogen in the absence of humic add are approximately equal [table 
15; (8); tables 3A, llA; (11); (2); (3); (4); (5)]. 

It does not seem probable that humic acid exerts its effect by virtue of 
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deactivating metaboKcally produced toxic products, since it has already been 
found [(5), and much unpublished data] that, under our various experimental 
conditions at least, Azotobacter does not produce during its metabolism (for 
cultures up to 30 days old) any metabolic products which are toxic to either 
respiration, growth, or the chemical mechanism of nitrogen fixation. 

Direct measurements with capillary tubes show that concentrations of 25 
to 50 p.p.m. of natural humic acid change the viscosity and the surface tension 


TABLE 18 

The humic acid rcdio as influenced by repeated tranter in bicarbonate medium 



UEDtUU 


Bicarboziate 

Customary 

H. A-ratio 


H, A-I 
(25 p.p.m.} 



No humic add 



5?Alutinn . 

A 

B 

C 

A/B 




Transfer 1. 

100 

33 



Transfer 2.| 

71 4 

£4} 


2.1 

Transfer 3.| 

ni 



2.1 

Transfer 4. 

124 

54 

443 

2.3 

Transfer S.| 

‘S}« 



1.9 

Transfer 6.| 



^323 

299/ 

1.5 

Transfer 7.| 


49 

450 

2.0 


Transfer 1 inoculated with 1 drop of 1-day-old A, vinelandii\ transfer 2 inoculated with 1 
drop of transfer 1, solution B, after 2 days’ growth. Transfer 3 inoculated with 1 drop of 
transfer 2, solution B, after 2 days* growth, and so on—in each case the fresh transfer was made 
from the one of the bicarbonate medium-wilhout-humic add flasks just before analysis. 
Final pH: Solutions A and B, 7.5j solution C, 7.1. Source of nitrogen: 50 p.p.m, NOa-N. 
in/-/30. 

The growths in solution C are given to indicate the rate of growth in the bicarbonate me¬ 
dium as compared with that in the customary medium, and also to show that the organisms 
in solution B would, at any transfer, when inoculated in solution C, give approximately 
normal growth. 

All growth values for every transfer are strictly relative to each other and to those in 
table 19. 

of the customary medium by no more than a few per cent (i.e., within experi¬ 
mental error of measurement), if at all. Measurements of the influence of 
humic acid upon the potential difference (P. D.) between culture medium and 
organism have not been made, but a significant influence is reasonably pre¬ 
cluded when it is considered that some preparations of humic acid are effective 
at concentrations as low as 1 to 3 p.p.m. It would seem probable, also, that 



























HUMIC ACID A2QD AZOTOBACTER GROWTH 


485 


in tJie experimeiits reported in tables 15—19, and others, the potential difference 
(P. D.) varied considerably because of the great differences in salt concentration. 

Su mm arizing the data of this Section, we may point out that all the evidence 
indicates that humic acid does not improve any of the known physical or 

TABLE 19 

The humic aeid ratio in 10-fold diluted bicarbonate medium 


MEDIUU 



10-fold 

diluted 

Bicarbonate 

medium* 

Customary 

H. A-xatio 


H. A 

NoH A 

NoHA 


Transfer 6t. 

13 

44.5 




2.4 


* The medium consisted of 0.1 the customary amoimts of glucose and potassium bicar¬ 
bonate, i.e,, 0.1 per cent glucose, and 0.01 per cent {« 100 p.p.m.) HHCOs. This was done 
in an attempt to e limina te possible impurities in these substances whose availability the humic 
acid might be increasing. Source of nitrogen: 50 p.p.m. NO*N (reaystallized). III/-/30. 

t The cultures were inoculated with the same inoculum used in inoculating transfer 6, 
table 18, i.e., from SB. Analyzed after 48 hours. Growth values relative to those of table 22. 
Final pH: 7.3, except in customary medium, 7.0. 

I This value is lower than those of table 18, because no doubt the glucose concentration has 
become limiting by the time a relative growth of 150-200 is reached. 


TABLE 20 

The influence of humic add upon the production of weak acids during respiration 



coLxnoT 1. KOH absent (cuil 
BXSPZBED COs PISSOLVBD ZN USDZUM*) 

COLU1CN2. KOHpsssatNT 
(caoc. Qa consumed) 

Experiment l:t 

Na . 

26.5, 25.4, 25.9, aver. 25.9 

146,149,152, aver. 149 

Ns plus 50 p.p.m. H. A.- 

n. 

26.8,25.4,25.6, aver. 25.9 

150,151,146, aver. 149 

Experiment 24 

N,. 

14.4,12.0, aver. 13.2 

50.7, 50.3, aver. 50.5 

Ns plus 25 p.p.m. H. A.- 
II. 

13.5,12.6, aver. 13.1 

54.2,45.2, aver. 49.5 


* This value is directly proportional to the total respired CO 2 . 

t Two-day-old A . vindandii. 2 cc. culture per vessel employed. Duration of experiment 
(50 minutes. Humic add had been added to medium 30 minutes before readings taken. 
Gas phase: 21 percent Qt in Ns. FinalpB^ column 1,6.6 db 0.1; column 2,6,8i:0.1. Vlli/- 
30/30. 

11-day-old A, vindandU, 1 cc. culture per vessel employed. Duration of experiment 12 
hours. Gas phase: 1 per cent Oj in N*. Final pH, column 1,6.6 ± 0.1; column 2, 7.0 ± 0.1, 
Vm/29/30. 

properties of various widely different media. This conclusion sub¬ 
stantiates the findings of the previous paper (8) that humic acid ezerts its 
effect by adding something to media, namely, iron. 
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SUMMARY 

This paper presents various functional relationships obtaining when the 
growth of Azotobacter is stimulated by humic acid or iron compounds. Par¬ 
ticular care is taken to distinguish those functions which depend upon time 
from those which do not. Frequent use is made of the velocity constant of 
growth, rather than the velocity of growth, in determining the stimulation 
functions. 

Humic acid stimulation of Azotobacter growth involves an induction period of several 
hours, during which time no stimulation takes place. The induction period is substantially 
independent of temperature, source of nitrogen, glucose concentration, humic acid prepara¬ 
tion, concentration of humic acid, age of culture, heaviness of culture, respiration rate, mo¬ 
ment of addition, the growth velocity in the absence of humic add, and the magnitude of the 
subsequent stimulation. Synthetic iron-containing humic adds may possess the same induc¬ 
tion period as natural humic adds, but organic add iron compounds and inorganic iron com¬ 
pounds possess definitely longer induction periods. 

The induction period is sharply defined; when stimulation commences a new velocity 
constant of growth is assumed within about one hour, the value of the constant depending, 
among other factors, upon the concentration of humic add. 

Stimulation increase in growth velodty constant attains a mairimum. at about 50 p.p.m, 
humic add, or about 0.5 p.p.m. iron, which is the same iron concentration as obtains with 
respect to the three other iron compound t 3 rpes: synthetic iron-containing huxnic acid, organic 
add iron, and inorganic iron. As the active fraction of the stimulant is consumed, during 
growth, the initial concentration giving maximum growth may be increased to 5 to 15 p.p.m. 
iron, corresponding to about 500 to 1,500 p.p.m. natural humic acid. 

At constant temperature all factors observed to cause increased velodty constants of 
growth caused both relative and absolute decreased stimulation, with respect to nitrogen 
source, pressure of nitrogen gas, concentration of fixed nitrogen, medium constitution, age of 
culture, heaviness of culture, glucose concentration, and oxygen pressure. When the velodty 
constant of growth is increased as a function of sub-optimal temperatures, the converse rela¬ 
tionship obtains, i.e., stimulation is increased. 

Natural and synthetic humic adds exert no significant izxfiuence upon the oxidation-reduc¬ 
tion character of either cultures of Azotobacter or the culture medium in the absence of organ¬ 
isms, both with respect to rates of potential change and ultimate potentials assumed. The 
cause of humic acid stimulation is consequently independent of oxidation-reduction potential 
factors. In this connection, the oxidation-reduction character of Azotobacter cultures in the 
absence of humic add has been described; under aerobic and anaerobic conditions, potentials 
of about -f-0.20 and —0.15 volts, respectively, are assumed. Oxidation-reduction dyes have 
not been observed to stimulate growth under conditions where humic add stimulation takes 
place. 

Humic add does not act by increasing directly the availability of constituents normally 
added to, or present in, the medium, viz., glucose, oxygen, free or fixed nitrogen, carbon 
dioxide, Ca, Mg, Na, K, Fe, PO 4 , Cl, SO 4 , HCO#; or by deactivating toxic metabolic products; 
or by affecting the surface tension, viscosity, or potential difference between culture medium 
and organism. 

REFERENCES 

(1) Aixyn, W, P., and Baidwin, I. L. 1930 The effect of the oxidation-reduction char¬ 

acter of the medium on the growth of an aerobic form of bacteria. Jour, Bad, 

20: 417. 

(2) Buboc, B. 1930 The influence of nitrogen gas upon the organic catalysis of nitrogen 

fixation by Azotobacter. Jour, Pkys, Chem. 34: 1174-1194. 



HUMIC ACID AND AZOXOBACTER GROWTH 


487 


(3) Btmz, D. 1930 The influence of osygen. gas upon the organic catal)^ of nitrogen 

fixation by Azotobacter. Jour, Phys, Chem, 34: 1195-1209. 

(4) Burk, D., and Lineweaver, H. 1930 The influence of fixed nitrogen upon Azoto- 

bacter. Jour. Bact, 19: 389-414. 

(5) Burk, D., and Lineweaver, H. 1931 The influence of calcium and strontium upon 

the catalysis of nitrogen fixation by Azotobacter. Arch. Mikrohiol. 2: 155-186. 

(6) Burk, D,, and Milner, R. T. 1932 Microanalysis of gases in relation to organic 

and physiological chemistry. Iridus. Bniin, Chem., Anal. Ed,, 4:3-11. 

(7) Burk, D., Horner, C.K., AND Lineweaver, H. 1932 Injuryandrecovery of respira¬ 

tion and catalase activity in Azotobacter. Joitr. Cell. Comp. Physiol. (In press). 

(8) Burk, D., Lineweaver, H., AND Horner, C.R. 1932 Iron in relation to the stimula¬ 

tion of growth by humic add. Soil Sd. 33:413-454. 

(9) Cannan, R. K., Cohen, B., and Clark, W. M. 1928 Reduction potentials in cell 

suspensions. U. S. Hygienic Lab. BuL 151, No. X. [Republished from Sup. 55, 
Pub. Health Rep. (1926)]. 

(10) Hewitt, L.F. 1931 Oxidation-reduction potentials in Bacteriology and Biochemistry. 

London County Council. 

(11) IWASAKI, K. 1930 Weitere Untersuchungen zur Fixation des Luftstickstofls durch 

Azotobacter. Biochem. Ztschr. 226: 32-46. 

(12) Knight, B. C. J. G. 1930 Oxidation-reduction studies in relation to bacterial growth: 

I. The oxidation-reduction potential of sterile meat broth; H, A method of pois¬ 
ing the oxidation-reduction potential of bacteriological culture media; HI. The 
positive limit of oxidation-reduction potential required for the germination of 
B. klani spores in vilro. Biochem. Jour. 24: 1066-1074, 1075-1079, 1496-1502. 

(13) Krzemieniewsky, S. 1908 Untersudnmgen ueber AzoiohfKtef chroococcum. Ans. 

Akad. Wiss. Xrate929-1051. 

(14) Lineweaver, H., Burk, D., and Horner, C. K. 1932 The influence of temperature 

upon the growth of Azotobacter. To be published. 

(15) Remy, Th., and Rosing, G. 1911 Ueber die biologische Reizwirkung naturlicher 

Humusstoffe. CenM. Bakt. (H) 30 : 349-384. 

(16) Stephenson, M., and Sticexand, L. H. 1931 Hydrogeuase: I. Hie propeities of 

the enzyme; H. The reduction of sulphate to sulphide by molecular hydrogen. 
Biochem. Jour.^ 25: 205-214, 215-220, 




BOOK REVIEWS 

LUeratursammlung aus dem Gesamtgebiet der Agrikulturchemie, vol. I. Boden- 
kimde. By H. Niklas, F. CziBtTLKA and A. Hock. Edited by H. Niklas 
and A. Hock. Verlag des Agrikulturchemischen Instituts Weihenstepban 
der Technischen Hochscule, Mimchen, Germany, 1931. Pp. xxxvi + 1008. 
A century of research in the held of soil science has created an imposing 
of information in many languages, scattered through periodicals, monographs, 
dissertations, and reports. Most of the information of interest to students of 
soils and plants has been gathered and published since the beginning of the 
present century. He who would keep abreast of the times must be more or 
less famihar, not alone with the scientihc literature in his chosen held, but in 
contiguous helds. To this end the authors have made a notable contribution. 

There are eight sections in this volume. The hrst contains a reference to 
literature of a more or less general character. The second section—comprising 
nearly 200 pages—has to do with the formation of soils. The helds of geology, 
mineralogy, physics, chemistry, and climate are all represented in this group of 
references. In the third section—^pages 217 to 408—^there are given the titles 
of papers dealing specdhcally with soil chemistry. Similarly, section four— 
pages 411 to 590—^is devoted to soil physics; section hve—^pages 590-767 —^ 
to the inhuence of external factors on soils; section six—^pages 773 to 789 —^ 
to soil inventories; section seven—^pages 801-911—^to soils of different origin; 
and section eight—^pages 915 to 939,—^to the composition of soils, rocks, and 
minerals. 

For the convenience of the reader who does not possess a ready command of 
German, the preface, introduction, and table of contents are given also in 
English. Throughout the body of the book, the general topics are given in 
both German and English. For instance, on page 69, the reader will hnd the 
general topic ^‘Auswaschung—Leaching.’’: on page 130 is given ‘Tropisdie 
imd subtropische Bdden” and its English equivalent “Tropical and Subtropical 
Soils.” In each instance the reference consists of the name of the author, or 
authors, and the title of the paper—^the latter usually in German or English. 
Relatively few of the titles are given in the original where languages other than 
German or English are concerned. 

The extent ‘ the field covered is readily indicated by the approximately 
20,000 titles appearing in this volume. As is noted by the authors, “The 
bibliographical collection—in the way we have accomplished it,—is not able to 
comprehend all corresponding work of the various countries. We neither 
intended nor were able to do so. On the other hand all competent work is 
mentioned that was discussed in one of the 18 central journals, respectively 
central organs previously referred to.” They say further: ^*Our work offers 
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most serviceable and extensive rudiments, and may in a large measure help to 
start in all other scientific fields in the same way as we did, the absolutely 
indispensable collection of literature, that hitherto from every point of view 
seems to be excessively disunited.” 

Literatursammlung aus dem Gesamtgebiet der AgriciiUurchemie, vol. II. Boden 
Untersuchung. By H. Niklas, F. Czibulka, and A. Hock. Edited by 
H. Niklas and A. Hock. Verlag des Agrikulturchemischen Instituts 
Weihenstephan der Technischen Hockschule, Miinchen, Germany, 1931. 
Pp. xxviii + 199. 

The organization of the references given in this volume is identical with that 
adopted for volume I of the series. The authors note that ^^The publishing of a 
special volume II ^Bibliographical List of the Entire Domain of Soil Analysis' 
was intended particularly on the one hand to put the importance of this 
subject,—^that in the last decade has been thoroughly elaborated by scientists 
of various countries—to good account, and on the other hand to meet the wishes 
of all those, who work exclusively at the analysis of the soil, but on the other 
hand not in general at the science of soil. For in the course of the last years 
certainly the scientific field of ‘Soil Analysis' has become an independent branch 
of science—complete in itseK—that according to its whole condition can 
neither be completely arranged in the sphere of ‘Soil Science' nor in the sphere 
of ‘Plant Nutrition.' ” 

The field covered in this book on the methodology of soil investigations 
includes the major topics of sampling, chemical analysis, physical analysis, and 
microbiological analysis. Some space is devoted also to microscopic soil 
analysis, mineralogical soil analysis, and analysis of rocks. As in the first 
volume of the series, there is a subject index and an author index. Like the 
first volume, it will serve as an extremely useful—^in fact, indispensable— 
reference book. It should be made readily available to every worker in the 
field of soil science and plant nutrition. 

Man and Microbes. By Stanhope Bayne-Jones. The Williams & Wilkins 
Company, Baltimore, Md., and Associates in Cooperation with The Century 
of Progress Exposition, 1932. Pp. X + 128, figs. 16. 

The commemoration of the 100th anniversary of the founding of the City of 
Chicago has paved the way for various enterprises of an educational character. 
One of these is The Century of Progress Exposition itself. In conjunction 
with the organization of the exposition, provision has been made for the 
publication of pamphlets, monographs, and books as a means of bringing 
about a better imderstanding of the contributions that science has made to 
the development of our present economic and social structure. As a popular 
treatise on the significance of microbes to human society, this book should 
find favor with the many busy folks who wish to keep in step with the progress 
of applied science. 
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The author tells us that this small book, I have tried to give the microbes 

their due, indicatmg their useful and essential activities as well as their devas¬ 
tating effects. The occasional spectacular havoc wrought by the germs of 
disease should not divert attention from the invaluable chemical services 
which hosts of microbes are quietly rendering man, animals and plants all the 
time.’’ 

The nine chapters of the book deal respectively with Microbes; Microbes 
and the Soil; Microbes in Air, Water and Sewage; Microbes in Industry; 
Microbes and Plants; Microbes and Insects; Microbes and Diseases of Animals 
Transmissible to Man; Microbes and Diseases of Man, and Microbes and 
Civilization. 

The Waste Products of Agriculture, Their Utilization as Humus, By Albert 
Howard and Yeshwant D. Wad. Humphrey Milford, Oxford Uni¬ 
versity Press, London, New York, Toronto, Melbourne, Bombay, Calcutta, 
Madras, 1931. Pp. xiv + 167, plates 14, fi^. 9. 

The authors’ understanding of life and conditions in the Far East have 
imdoubtedly influenced their approach to the subject dealt with in this book. 
They say, in the preface: “One of the main features of crop production at the 
present day is waste. Except in the Far East, where the large indigenous 
population has to be fed from the produce of the country-side, little is being 
done to utilize completely the by-products of the farm in maintaining the 
fertility of the soil. The ever-growing supplies of agricultural produce, needed 
by industry and trade, have been provided either by taking up new land or by 
the purchase of artificial manures. Both these methods are uneconomic. 
The exploitation of virgin soil is a form of plunder. Any expenditure on 
fertilizers which can be avoided raises the cost of production, and therefore 
reduces the margin of profit. It needs no argument to urge that, in main¬ 
taining the fertility of the soil, the most careful attention should be paid to the 
utilization of the waste products of agriculture itself before any demands are 
made on capital—^natural or acquired.” 

The six sections of the book consist of Introduction; Organic Matter and 
Soil Fertility; The Sources of Organic Matter; The Manufacture of Compost by 
the Indore Method; The Chief Factors in the Indore process; and Application 
to Other Areas. There are also four appendixes dealing with The Manurial 
Problem in India; Some Aspects of Soil Improvement in Relation to Crop Pro¬ 
duction; Nitrogen Transformation in the Decomposition of Natural Organic 
Materials at Different Stages of Growth; and An Experiment in the Manage¬ 
ment of Indian Labour. 

To the student of the Far East this volume will prove both interesting and 
useful for it has to do with some of the basic factors in the life of the teeming 
millions of India. The fundamental principles which are followed in extracting 
human and animal food from ancient soils are an expression of age-long 
experience. Science is now beginning to touch the practice of the tropics. 
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The authors are to be couunended for having made a distinct contribution to an 
important phase of soil fertility. 

Arbeiten iiber Kalidungimg. By 0. Eckstein, A. Jacob, A3sit) F. Alten. 
Verlagsgesellschaft fiir Ackerbau M. B. H., Berlin, 1931. Pp. 237, figs. 72. 
The German Kalisyndikat established in 1929 an experiment station at 
Berlin-Lichterfelde. It was provided in the research program of the founders 
that the activities of the station deal with soil and plant nutrition problems 
not alone in Germany, but in various soil regions of temperate, subtropical, 
and tropical coimtries. This book constitutes a report on the present status 
of the research activities of the station. 

Four general topics are dealt with by the authors; namely, objectives of an 
experiment station specifically dealing with potash research; a discussion of the 
physical plant and resources of the station; soil profiles and mapping of the land 
used by the experiment station at Berlin-Lichterfelde; and projects and results 
of the station. In the last division, we find the following: 1, Laboratory 
studies of soils with special consideration of tropical soils; 2, Comparative 
tests of different methods for the determination of soil potash readily assimil¬ 
able by plants; 3, Studies of the content of potash in plants and its chemical 
combinations; 4, The influence of fertilization with potash on the composition 
of crop products; 5, Potash salts as protective agents of plants; 6, The physi¬ 
ological reaction of potash salts; 7, The fertilizer action of anions and other 
constituents of potash salts; 8, Tests of the fertilizer action of different mate¬ 
rials containing potash and magnesia; 9, Studies on the compatability in 
mixtures of different commercial fertilizers; and 10, Investigations on the 
significance of potash for the animal organism. 

The Microscopic Characters of Artificial Inorganic Solid Substances or Artificial 
Minerals, second edition. By Alexander Newton Winchell. With a 
Chapter on The Universal Stage by Richard Conrad Emmons. John Wiley 
& Sons, Inc,, New York, and Chapman & Hall, Ltd., London, 1931. Pp. 
xvii + 403, figs. 311. 

This is the second edition of a book that has evidently made a useful place 
for itself among recent text and reference books. The scope of the field treated 
by the author is indicated by “Principles and Methods’' of Part I and “De¬ 
scriptions of Artificial Inorganic Solid Substances" of Part II, There are, 
aside from the introduction, eight chapters in Part I, dealing with Crystals; 
Apparatus and Preparation of Materials; Optic Properties of Isotropic Sub¬ 
stances; Optic Properties of Uniaxial Crystals; Uniaxial Crystals in Parallel 
Polarized Light; Optic Properties of Biaxial Crystals; Biaxial Crystals in 
Parallel Polarized Light; and The Universal Stage. The eleven chapters of 
Part II include: Elements; Sulphides, Etc.; Halides and Cyanides; Cyanates 
and Thiocyanates; Oxides; Carbonates, Etc.; Borates, Etc.; Sulphates, Etc.; 
Phosphates, Etc,; Columbates, Tantalates, Titanates and Zirconates; and 
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Silicates, The third and last part of the book, entitled “Determinative 
Tables,’' includes Table I, Isotropic Artificial Solid Substances; Table n, 
Anisotropic Artificial Inorganic Solid Substances; and Index. The illustra¬ 
tions and general workmanship are in keeping with the excellence of the 
standards maintained by the publishers. 

Report for 1930 of the Rothamsted Experimental Station, Harpenden, Herts, 
England. By Sir E. John Russell, Director. Gibbs & Bamforth, Ltd., 
St. Albans. Pp. 172. 

The reader of this report will be gratified to find that the research staff of 
the Rothamsted Station is continuing to make substantial additions to our 
knowledge in the fields of soil and plant science. The report for 1930 contains 
infonnation on the organization as well as on the activities of the station. 
The list of staff members, of temporary workers, and of the publications of the 
station supplement similar infonnation found in earlier reports. The results 
of the studies reported for the year relate to field experiments with cereals 
and other crops; effects of farmyard manure; a new continuous experiment; 
rotation I; effect of weather conditions on fertilizer efficiency; grasslands; ac¬ 
curacy of field experiments; soil microorganisms; cultivation of the soil; 
utilization of results of agricultural experiments; composition of the soil—soil 
analysis; composition of crops; the plant in disease; the farm—geological 
survey; field experiments at outside centers; fungous diseases in crops at 
Rothamsted and Woburn; observations on insects attacking farm crops; 
Rothamsted farm report; and microbiological observations. 

The follownig sections of the report include summaries of papers published 
in 1930 pertaining to scientific, technical, and other papers; Woburn Experi¬ 
mental Farm; yields of experimental plots, 1930; trustees and committee of 
management—Lawes Agricultural Trust; and society for extending the 
Rothamsted experiments. 

Results of Vegetation and Laboratory Experiments. The Fifteenth Annual 
Report (Russian) of the Agricultural Chemical Experiment Station, Pet- 
rovsko-Razumovskoye, 1930. By D. N. Prianishnikov. Published by 
the Agricultural Chemical Experiment Station of the Timeryazev Academy, 
Petrovsko-Razumovskoye, U, S. S. R., 1930. Pp. xii 4- 544, figs. 145, 

The present report includes some of the work of the station for the years 
1927 and 1928. A short introduction and a list of staff members and col¬ 
laborators are followed by a series of papers whose titles are given in the fol¬ 
lowing. Each paper is followed by a short r&um6 in German. The list of 
authors and titles of these papers follows: S. N. Rosanow and E. K. Lukow- 
nikow—“Thermophosphate aus dem Chibiner Apatit-Nephelin Gestein”; 
W. M. Kletschkowsky—“Ueber die Konstanz und fiber die Verschiebung der 
Wirkungsfaktoren in der Ertragsformel von Mitscherlich”; A. G. Schestakow— 
“Ueber die RoUe des Kalziums bei der Assimilation von Eisen durch die 
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Pflanzen in Wasserkulturen”; S. I. Inosemzew— “Zur Frage iiber die Fonnen 
der Kaliumverbindimgen in den Pflanzen”; M. K. Domontowitsch and W. A. 
Polossin—“Versuche iiber die Mobilisation der P 2 O 5 des Pbosphorits und des 
Bodens durch die Wurzel der Lupine”; P. A. Shelesnow—“Ueber die Abhang- 
igkeit des Stickstoff-Wirkungswertes von der Phosphorsauremenge im Nahr- 
medium”; S. N. Rosanow—“Phosphorit und organische Sauren”; D. W. 
Drushinin—“Ueber das Verhalten von Flacbs auf Podsolboden bei Kalkung”; 
Z. I. Zurbicki—‘^Zur Frage iiber den Einfluss der Vegetationsbedingungen auf 
die Zusaromensetzung der Zuckerriibenwurzeln”; D. W. Drushinin—“Ueber 
Bedingungen der Wirkung der Kalidiinger auf Podsolboden”; W. W. But- 
kewitsch and Fr. E. I. Scholochow—“Physiologische Charakteristik von 
Kaliumsalzen in bezug auf Zuckerriibe und eirdge allgemeine mit der Aufnahme 
von Salzen durch die Pflanze verbundene Momente”; D. L. Askinasi and S. S. 
Jarussow—''Die Fonnen der Bodenaziditat und ihre Bedeutimg bei Kalk- 
und Phosphoritzersetzung im Boden”; A. Z. Lambin—“Bei welchen Beding- 
ungen ist die Wirkung des Pbosphorits auf die Entwicklung der Pflanzen in 
saueren Boden am giinstigsten”; A. Z. Lambin—“Gipsdiingung von Saulen- 
Solonetz mit nachfolgender Durchwaschung mit destilliertem Wasser und 
ohne solcher Durchwaschung”; T. T. Demidenko—“Priifung der verbesserten 
Nahrlosungen fiir Leinpflanze”; E. I. Ratner—“Ueber die Umwandlung von 
Kalkstickstoff im Boden”; T. T. Demidenko—“Die Wirkung der organischen 
Sauren auf die Zersetzung des Pbosphorits durch Kultuipflanzen”; D. N, 
Prianischnikow and W. S. Iwanowa—“Ueber das Verhalten der Riibenkeim- 
linge gegen Ammoniak- und Nitratstickstoff.” 


J. G. LrpMAN, 
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42. 

cataphoresis of, 43. 
functions of, in the soil, 71. 

Rothamsted Experimental Station, Report, 
493. 

Silica, distribution of, in the profile, 225,230. 

Silicates, proteins of, 55. 

Soil— 

addity, dehydration, exchangeable bases, 
and, 115; see also Hydrogen-ion con¬ 
centration, Base exchange, 
buffer capadty, 272. 
caldum, exchangeable, in, 120. 
colloidd behavior, laws of, 41-72,301-323. 
coUoidsr—fee also Colloids. 


base exchange reactions in, 95. 
proteins and proteinated complexes, 41; 

see also Protein, 
relation to crumbling point, 29. 
swelling of, 308. 

color, method of measuring, 183-185. 
fertility— 

experiments, a review, 6. 
mathematical expression of, 1. 
fertilization, effect on sugar content of the 
potato, 347-362. 
forest— 

dedduous, microdrganisms in, 325. 
hemlock, microdrganisms in, 325. 
humus, see Humus. 

mechanical analyses of, in relation to 
moisture equivalent, 370. 
microbiology (book review), 239. 
muck, electrodialsrsis of, 388. 
parent material in rdation to unsatura¬ 
tion, 219. 

plot experiments versus nutrient cul¬ 
ture, 5. 
profile— 

distribution of bases in, 257. 
studies, 217-237. 
proteins, function of, in the, 71. 
suspension— 
conductivity of, 180. 
h 3 ;drogen-ion concentration of, 180. 
unsaturation— 

ammonification as a factor of, 220. 
parent material as a factor of, 219. 
vegetation as a factor of, 220. 
water-soluble constituents of, 120. 

Soils— 

ammonia interaction with, 397. 
as affected by heating, 115. 
bases, exchangeable and water soluble, 
115; see also Bases. 

chemical composition of, their relation to 
physical properties, 35. 
dassification of, 363. 
day content of, method of determining, 
405; see also Clay, 
crumbling point of, 27. 
dispersing, with mechanical stirrer, 21,24. 
dispersion coeffldent of, 408. 
dectrodialysis of, separation of ions by, 
375^95. 

dectrodialyzable ions liberated from, 187- 

211 . 

flowing point of, 31, 
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hydrogen-ion concentration—^e^ H-ion 
concentration. 

hydrometer method for mechanical analy¬ 
sis, of, 21, 241. 
hygroscopicity of, 408. 
mechanical a^ysis of some, 21, 116, 241. 
mineralization process in, 217. 

Minnesota, replaceable bases in, 249. 
moisture equivalent of, 34, 363, see also 
Moisture equivalent. 

nitrates in, containing soluble organic 
matter, 213. 

ph 3 rsical characteristics of, in relation to 
the fine materials, 27-^39. 
plastic limit of, 32. 
podzolization of, 217. 
saturation state of, ammonia absorption 
as an index of, 397-403. 
sorption phenomena in, and silica gels, 
163^181. 

temperature effects on adsorption by, 173. 
textural classification of, 363. 
unsatuiation of, 219, 223, 227, 230, 259. 


vapor pressure of, 406. 

Volusia, analyses of, 188. 

Sorption, see Adsorption. 

Stannous— 

chloride in P determination, 125. 
sulfide as an isoelectric precipitate, 77. 
Sulfates, exchangeable bases in combination 
with, 123. 

Tin, see Staxmous. 

TJnsaturation, see Soil unsaturation. 

Uronic acids in humus, 135. 

Vapor pressure of soils, curves for, 406. 
Vegetation and laboratory experiments, 493. 
Water— 
capillary, 304. 

content, relation between pressure and, 
313. 

forms of, 301. 

freezing point depression of, 317. 
function of, 301. 
hygroscopic, 301. 
osmotic imbibition, 305. 

Zeolites, base exchange reactions of, 95. 





